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ABSTRACT 
Full Name : Umais Khan 
Thesis Title : Effects of Variation of Axial Load on Seismic Performance of RC      
Exterior BCJ's 
Major Field : Civil Engineering 
Date of Degree : May, 2016 
 
Beam-column joints (BCJs) are the fundamental component of concrete buildings and their 
design and detailing in any moment resisting framed structure is decisive to the survival of 
such structure. Several earthquake reconnaissance all over the world reported that failure 
of BCJs is the most frequent reason of overall building collapse in major earthquakes. 
The years since 1970s have seen many developments in field of earthquake engineering 
and come up with present advanced seismic design codes and regulations for different 
structural components, including beam column joints. Parameters that influence the 
performance of BCJs such as aspect ratio, material property, beam’s reinforcement ratio 
and anchorage of beam’s reinforcement are studied by many researches and are well 
understood, as a result theses parameters are incorporated in several joint shear strength 
model and consequently in the current design guidelines. However, column axial load 
(CAL) which is a key influencing parameter in predicting shear strength of BCJs is not 
considered explicitly so far and may be due to its complex effects on the shear strength of 
the joint this parameter is not well understood. 
The main focus of this research work was to study the effects of various CAL levels on the 
behavior of reinforced concrete BCJs under monotonic and reverse cyclic loading. 
Literature review was carried out to establish an experimental test database to identify 
xix 
 
effects of important parameters influencing performance of BCJs and to evaluate available 
joint shear strength models. It is found that existing shear strength models are deficient in 
one or another way, including consideration of CAL. Thus a problem of interaction 
between shear strength of BCJ and axial load on column was first approached by 
developing a mechanistic model and then experimental test program was carried out on 
seven BCJs subassemblies subjected to monotonic and reverse cyclic loading with various 
level of CAL. Experimental results were then validated using FE software ABAQUS to 
advance study for various compressive strengths of concrete in order to get sufficient data 
population to develop a new shear strength model for BCJs that considers all the important 
parameters requires to predict shear strength of BCJs, including CAL. 
The results depicted that CAL considerably effects the seismic performance of BCJs. 
Experimental results demonstrated that high axial load enhances the shear strength of the 
joint and reduces its ductility however after axial load ratio of 0.6-0.7 shear strength starts 
to decrease until pure axial failure of joint. High axial load also dictates the failure mode 
and development of crack patterns in BCJs. Reverse cyclic tests on BCJs showed that high 
axial load increases the initial stiffness but rate of stiffness degradation is found to be more 
in such cases also up to axial load ratio of 0.6 energy dissipation capacity increases due to 
confinement provided by axial load to BCJ. Finally, the developed shear strength model 
was validated with experimental database, which successfully predicted the shear strength 
of test specimens. 
 
 xx
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ﺗﺳﻠﯾﺢ  دﺣدﯾ ، وﻧﺳﺑﺔ وﺧواص اﻟﻣواددراﺳﺔ اﻟﻌواﻣل اﻟﺗﻲ ﺗؤﺛر ﻋﻠﻰ أداء اﻟﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔ ﻣﺛل ﻧﺳﺑﺔ اﻻرﺗﻔﺎع 
ﻗوة ﻓﻲ  ﻣلھذة اﻟﻌواأدرﺟت وﻧﺗﯾﺟﺔ ﻟذﻟك ﺟﯾدا،  وﻓﮭﻣﮭﺎﻣن ﻗﺑل اﻟﻌدﯾد ﻣن اﻷﺑﺣﺎث واﻟﺗﺛﺑﯾت ﻟﻠﺟﺳور ﻓﻲ  اﻟﻣﻔﺎﺻل 
واﻟﻣؤﺛرﻋﻠﻰ  ﻣﻔﺗﺎحاﻟ ريﻣﺣواﻟﻌﻣود اﻟﺣﻣل ﻟم ﯾﻌﺗﺑر . وﻣﻊ ذﻟك، اﻟﺷروط اﻟﺗﺻﻣﯾﻣﺔ اﻟﺣﺎﻟﯾﺔوﺑﺎﻟﺗﺎﻟﻲ ﻓﻲ ﻟﻠﻣﻔﺻل  صﻘاﻟ
اﻟﻌﺎﻣل  اذھﻟﻠﻣﻔﺻل ﻧﺗﺟﯾﺔ  ﻣﻌﻘدة ﻋﻠﻰ ﻗوة اﻟﻘصاﻟﺛﺎر ﻻﺻراﺣﺔ ﺣﺗﻰ اﻵن، ورﺑﻣﺎ ﯾرﺟﻊ ذﻟك إﻟﻰ آﻗوة اﻟﻘص ﻟﻠﻣﻔﺎﺻل 
 .ﺣﺗﻰ اﻻن ﻟﯾﺳت ﻣﻔﮭوﻣﺔ ﺟﯾدا
 ﻟﻠﺣﻣل اﻟﻣﺣوري ﻟﻠﻌﻣود ھذا اﻟﻌﻣل اﻟﺑﺣﺛﻲ ﻟدراﺳﺔ اﻵﺛﺎر اﻟﻣﺗرﺗﺑﺔ ﻋﻠﻰ ﻣﺧﺗﻠف اﻟﻣﺳﺗوﯾﺎتﻛﺎن اﻟﺗرﻛﯾز اﻟرﺋﯾﺳﻲ ﻣن 
 ﻟﻼﺑﺣﺎث اﻟﻌﻠﻣﯾﺔ ﻣراﺟﻌﺔ  ادتاﻟدوري. وﻗد و ﻲﻌﻛﺳاﻟﺛﺎﺑت واﻟﻧﯾﺔ اﻟﻣﺳﻠﺣﺔ ﺗﺣت اﻟﺗﺣﻣﯾل ﺎﻋﻠﻰ ﺳﻠوك اﻟﻣﻔﺎﺻل اﻟﺧرﺳ
ﻧﯾﺔ اﻟﻣﺳﻠﺣﺔ ﺎﺗؤﺛر ﻋﻠﻰ أداء اﻟﻣﻔﺎﺻل اﻟﺧرﺳاﻟﮭﺎﻣﺔ اﻟﺗﻲ اﻟﻣﻌﺎﻣﻼت إﻟﻰ إﻧﺷﺎء ﻗﺎﻋدة ﺑﯾﺎﻧﺎت اﺧﺗﺑﺎر ﺗﺟرﯾﺑﯾﺔ ﻟﺗﺣدﯾد آﺛﺎر 
أن اﻟﻧﻣﺎذج اﻟﻘﺎﺋﻣﺔ ﻟﺗﺣدﯾد ﻗوة اﻟﻘص ﻟﻠﻣﻔﺻل ﺗﻌﺎﻧﻲ ﻣن ﻧﻘص  ﯾن ﺗﺑو. ﻟﻠﻣﻔﺻل ﻗوة اﻟﻘصﻟﺗﺣدﯾد اﻟﻣﺗﺎﺣﺔ  ﻧﻣﺎذجاﻟوﺗﻘﯾﯾم 
ﺑﯾن ﻗوة اﻟﻘص ﻣﺎ ﻣﺷﻛﻠﺔ اﻟﺗﻔﺎﻋل ﻓﺄن . وھﻛذا اﻟﺣﻣل اﻟﻣﺣوري ﻟﻠﻌﻣود ﺗﺄﺛﯾرﻓﻲ واﺣد أو وﺳﯾﻠﺔ أﺧرى، ﺑﻣﺎ ﻓﻲ ذﻟك 
اﺧﺗﺑﺎر اﺟراء ﻣن ﺧﻼل ﺗطوﯾر ﻧﻣوذج وﻗد ﺗم اﻟوﺻول ﻟﮭﺎ ﻣﺣورﯾﺔ اﻟﻌﻣود اﻟﻧﯾﺔ اﻟﻣﺳﻠﺣﺔ وﺣﻣوﻟﺔ ﺎﺻل اﻟﺧرﺳﻠﻣﻔﺎﻟ
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 ﮫﻣﺧﺗﻠﻔ ﯾﺎتﺛﺎﺑت وﻋﻛﺳﻲ ودوري ﻣﻊ ﻣﺳﺗوواﻟﻣﻌرﺿﺔ ﻟﺗﺣﻣﯾل  اﻟﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔ اﻟﻣﺳﻠﺣﺔﻣن ﺑﻌﺔ ﻟﻌدد ﺳﺗﺟرﯾﺑﻲ 
اﻟﻧﻣذج اﻣﺗﻧﮭﯾﺔ ﻓﻲ اﻟﺻﻐرى ﺑﺎﺳﺗﺧدام  ﺎﺳﺗﺧدامﻣل ﺑﻓﻲ اﻟﻣﻌ اﻟﻧﺗﺎﺋﺞ اﻟﺗﺟرﯾﺑﯾﺔﺗم اﻟﺗﺣﻘﻖ ﻣن . واﻟﺤﻤﻞ اﻟﻤﺤﻮري ﻟﻠﻌﻤﻮدﻣن 
ﻣن أﺟل اﻟﺣﺻول ﻋﻠﻰ ﺑﯾﺎﻧﺎت  اﻻﺛﺎر اﻟﻣﺧﺗﻠﻔﺔ ﻟﻘوة اﻟﺧرﺳﺎﻧﺔ ﻓﻲ اﻟﺿﻐط دراﺳﺔ ﻓﻲ ﻟﻠﻣﺿﻲ ﻗدﻣﺎ  SUQABA ﺑرﻧﺎﻣﺞ
 واﻟﻣطﻠوﺑﺔ اﻟﮭﺎﻣﺔ واﻟذي ﯾﺿم ﺟﻣﯾﻊ اﻟﻣﻌﺎﻣﻼت ﻠﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔ اﻟﻣﺳﻠﺣﺔ ﻟ ة ﺟدﯾداﻟﻛﺎﻓﯾﺔ ﻟﺗطوﯾر ﻧﻣوذج ﻗوة اﻟﻘص 
 ﻟﺣﻣل اﻟﻣﺣوري ﻟﻠﻌﻣود .ﺗﺄﺛﯿﺮ اﻘوة اﻟﻘص ﻟﻠﻣﻔﺎﺻل ، ﺑﻣﺎ ﻓﻲ ذﻟك ﻟﻠﺗﻧﺑؤ ﻟ
ﺳﻠﺣﺔ. ﻠﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔ اﻟﻣﻟﯾؤﺛر ﺑﺷﻛل ﻛﺑﯾر ﻋﻠﻰ اﻷداء اﻟزﻟزاﻟﻲ  دﻟﺣﻣل اﻟﻣﺣوري ﻟﻠﻌﻣواان اﻟﻧﺗﺎﺋﺞ وﺿﺣت 
وﻟﻛن ﺑﻌد  ﮭﺎﺗﻧﻠﻣﻔﺻل، وﯾﻘﻠل ﻣن ﻟﯾوﻟﻌﺎﻟﯾﺔ ﯾﻌزز ﻗوة اﻟﻘص اﻟﻣﺣورﯾﺔ اﻟﻌﻣود اﻟ أظﮭرت اﻟﻧﺗﺎﺋﺞ اﻟﺗﺟرﯾﺑﯾﺔ أن ﺣﻣوﻟﺔ
ﻣن اﻟﻣﻔﺻل. ﻓﻲ اﻟﺻﺎﻣﺣوري اﻻﻧﮭﯾﺎر اﻟﻗوة اﻟﻘص ﺗﺑدأ ﻓﻲ اﻻﻧﺧﻔﺎض ﺣﺗﻰ  7.0-6.0ﻣن ﻟﻠﻌﻣود  ﻧﺳﺑﺔ ﺣﻣوﻟﺔ ﻣﺣورﯾﺔ
اﻟﻣﺳﻠﺣﺔ.  ﻠﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔاﻟﺗﺷرﺧﺎت ﻟوﺗطوﯾر أﻧﻣﺎط ﻟﺣﺎﻟﺔ اﻻﻧﮭﯾﺎر ﻌﺎﻟﯾﺔ اﻟﻣﺣورﯾﺔ اﻟﻌﻣود اﻟ ﻛﻣﺎ ﯾﻣﻠﻲ ﺣﻣوﻟﺔ
ﺻﻼﺑﺔ اﻟزﯾد ﻣن ﻌﺎﻟﯾﺔ ﯾاﻟﻟﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔ اﻟﻣﺳﻠﺣﺔ أن اﻟﺣﻣوﻟﺔ اﻟﻣﺣورﯾﺔ ادورﯾﺔ ﻋﻠﻰ اﻟﻌﻛﺳﯾﺔ واﻟﺧﺗﺑﺎرات اﻻأظﮭرت 
وﻟﺔ ﻣﺣورﯾﺔ ﻧﺳﺑﺔ ﺣﻣاﻧﮫ ﻓﻲ أﯾﺿﺎ وﻗد وﺟد ﺻﻼﺑﺔ وﺟدت ﺗﻛون أﻛﺛر ﻓﻲ ﻣﺛل ھذه اﻟﺣﺎﻻت اﻟاﻷوﻟﯾﺔ وﻟﻛن ﻣﻌدل ﺗدھور 
م اﻟﺗﺣﻘﻖ ﻣن ﺔ. وأﺧﯾرا ﺗﻠﻣﻔﺎﺻل اﻟﺧرﺳﺎﻧﯾﺔ اﻟﻣﺳﻠﺣﻟاﻟﺣﻣل اﻟﻣﺣوري اﻻﺣﺗواء اﻟﻧﺎﺗﺞ ﻣن ﺑﺳﺑب ﺗزﯾد اﻟطﺎﻗﺔ ﺑﺄن  6.0
 ﺗﺑﺎر.ﺗﺟرﯾﺑﯾﺔ، اﻟذي ﺗﻧﺑﺄ ﺑﻧﺟﺎح ﻗوة اﻟﻘص ﻣن ﻋﯾﻧﺎت اﻻﺧاﻟﺑﯾﺎﻧﺎت اﻟﻣﻊ ﻗﺎﻋدة اﻟﻣطور ﺻﺣﺔ ﻧﻣوذج ﻗوة اﻟﻘص 
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CHAPTER 1  
INTRODUCTION 
1.1. General 
BCJ’s are the fundamental component of concrete buildings and their design and detailing 
in any moment resisting framed structure is decisive to the survival of such structure. 
Several earthquake investigations all over the world reported that deficient BCJs is the 
frequent reason of overall building failure in major earthquakes. 
Since 1970’s a lot of experimental and analytical research work has been done to 
understand key parameters influencing the performance of BCJs which mainly includes 
material property, type and amount of reinforcement, bond conditions between 
reinforcement and concrete, BCJ aspect ratio, anchorage details and application of 
strengthening composites e.g. [1]–[10] 
However, very scarce information is present in literature and in the design guidelines 
regarding the consequence of CAL on behavior of BCJs. In actual practice when any 
building experiences an earthquake, axial force in the exterior column of a building 
experience varying axial loads due to overturning moment and vertical component of an 
earthquake, together with the varying effect of dead load. Not only an axial load have 
consequences on the column capacity but it also greatly effects the performance of a joint, 
as shear concentration at joint panel is dependent on an axial load present on a column 
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therefore it has remarkable effect on a shear capacity of joint panel. Thus consideration of 
axial load on column in accessing the behavior of BCJ is not only essential for studies 
considering different retrofitting techniques for deficient joints but is equally important to 
be incorporated in current design standards.  
1.2. Motivation 
BCJ is one of the most critical component of any moment resisting building exposed to 
seismic excitation as it is responsible to transfer forces between the beams and column and 
thus failure of BCJ dictates the collapse of complete structural system. In past earthquakes, 
all over the world many buildings collapsed due to BCJs failure resulted in huge life and 
economic loss. Some of the important examples of such earthquakes are Algeria, 1980; El-
Ansam; Mexico, 1999 and Athens, Greece, 1999 other includes: 
Northridge earthquake in California, 1994 in which Kaiser building which is designed and 
constructed before 1970’s collapsed due to BCJs failure. The photographs of this building 
are shown in Figure 1-1. 
 
Figure 1-1 Collapse of structure due to BCJs failure, Northridge earthquake, 1994 
Earthquake in Izmit, Turkey in 1999 is another examples in which buildings collapsed due 
to failure of BCJ. Partial collapse of building in this earthquake is shown in Figure 1-2. 
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Figure 1-2 BCJ failure of building in during earthquake in Izmit, Turkey, 1999 [11] 
In Chi-Chi, Taiwan, 1999 earthquake 15 story building collapsed due to failure of BCJs as 
shown in Figure 1-3. 
   
Figure 1-3 Building failure due to BCJ Chi-Chi, Taiwan, 1999 earthquake [12] 
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 Moehle and Mahin [13] observed several buildings collapse due to BCJs failure while 
studying performance of reinforced concrete buildings during earthquakes. One of the 
building collapse is as shown in Figure 1-4. 
 
Figure 1-4 Structural failure caused by beam-column joint failure [13] 
Therefore, BCJ which is the influential factor in deciding the performance of reinforced 
concrete buildings during earthquake requires the complete understanding and 
consideration of parameters associated with its failure mechanism. 
1.3. Need for Research 
Substantial amount of research work has been performed to understand the seismic 
behavior of BCJs but an axial load on the column which is a key influencing parameter in 
predicting shear strength of BCJ is not considered explicitly so far and may be due to its 
complex effects on the shear strength this parameter is not well understood. Axial load on 
column is a core parameter that effect the performance of BCJs which can be varied under 
earthquake due to overturning moment, vertical component of ground motion and due to 
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different level of axial load on column in a high rise building. These effects are very 
important to consider in the seismic design of the BCJs in order to avoid inadequate and 
non-conservative design approach. 
Thus, a comprehensive study is required to take into account all the important components 
of an earthquake to understand completely the behavioral response of BCJs under 
earthquake and to develop appropriate design methods. 
1.4. Research Objectives 
The main focus of this research work was to investigate the effects of varying CAL levels 
on the behavior of RC exterior BCJs under monotonic and reverse cyclic loading applied 
to the beam. 
The specific objectives are: 
1. Development of a suitable mechanistic model to understand interaction between 
shear strength and column axial stress 
2. Experimental investigation on effect of magnitude of CAL on shear strength and 
failure modes of the BCJs under monotonic and cyclic loading. 
3. Simulation of BCJs in ABAQUS environment to envisage the performance and 
failure modes of the joint. Calibration of numerical models with the experimental 
results to advance the study. 
4. Development of new design equation to estimate shear strength of unconfined 
joints. 
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CHAPTER 2  
LITERATURE REVIEW 
2.1. Introduction 
This chapter explores and review the seismic deficiencies in reinforced concrete buildings 
followed by parameters influencing the seismic performance of BCJs. Several empirical 
and analytical shear strength models for BCJs are also reviewed to investigate the adequacy 
of existing models for parameters influencing the shear strength of BCJs. Finally, past 
researches on numerical modelling of BCJs are reviewed to investigate the feasibility of 
employing finite element method to BCJs. 
2.2. Overview of Seismic Deficiencies in Reinforced Concrete Buildings 
Strength of a structure, its ductility or deformability and energy dissipation capacity are 
prime building blocks of an advanced seismic design. Most of the buildings in the world 
designed before 1970s are deficient both in strength and deformability capacity due to lack 
of knowledge and understanding of seismic behavior of structures and thus absence of 
proper seismic design guidelines at that time. Many of these deficient buildings house 
important facilities like hospitals, schools, offices and shopping malls. Damage observed 
due to catastrophic earthquakes that hit the different parts of the world like 1970 Tong Hai 
earthquake, 1971 San Fernando earthquake, and 1975 Lice earthquake created a concern 
among the government officials and building owners that how these deficient buildings 
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will perform under the earthquakes. This concern gave a boost to research in earthquake 
engineering to understand the seismic behavior of structure under earthquake. 
 Structural engineer’s association of California (SEAOC) first introduced the ductile 
requirements in 1963 for high rise buildings that are above 48 meters but damage observed 
due to deadly earthquake following that, SEAOC extended those ductility requirements for 
all the buildings under seismic zone. Development of these ductility requirements paved a 
way for the development of Uniform Building Code 1976 which was the first formal 
building code to implement ductile requirements for the buildings under seismic risk in 
United States. In parallel Japan based on years of research updated its first “Earthquake 
resistant construction regulations 1924” in the form of “New Earthquake resistant building 
standards 1981”. The years since then have seen many developments in field of earthquake 
engineering and come up with present advanced seismic design codes and regulations. 
The major design deficiency in buildings built before the development of advanced seismic 
design is inelastic or non-ductile mechanism which is not appropriate for deformation 
response needed from the structure under earthquake loading. This inelastic response in 
such buildings is mainly due lack of proper detailing of structural components including 
BCJs. Absence of adequate hoop reinforcement with in a joint, inadequate development 
length of beam longitudinal bars, deficient splice lengths of column longitudinal 
reinforcement and use of plain steel bars are most common deficiencies in the BCJ’s of 
deficient buildings.  
A lot of experimental and analytical research work has been done to understand behavior 
and performance of BCJ and as a result of these researches advanced design concepts have 
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been formulated to ensure reliability of BCJs to perform adequately under seismic 
excitation. Apart from developing new seismic design concepts and codes many research 
works investigated the ways to retrofit deficient joints. These retrofitting techniques 
include CFRP sheets, steel jacketing, GFRP sheets, AFRP, ultra-high performance 
concrete (UHPC), SMA and many other retrofitting procedures. However, to understand 
completely the behavior of BCJs it is very imperative to understand the key parameters 
influencing the behavior of BCJs in order to advance studies not only in successful 
retrofitting schemes but to reinforce new design concepts. 
2.3. Parameters Influencing the Seismic Performance of BCJ 
Since 1970’s a lot of research has been performed to understand the key parameters 
influencing the performance of BCJ which mainly includes material property, type and 
amount of reinforcement, bond conditions between reinforcement and concrete, geometry 
of BCJ, anchorage details and application of strengthening composites. BCJs that were not 
designed to resist earthquake forces are very common in the seismic regions all over the 
world and due to their vulnerability against seismic excitation a lot of research work has 
been done on such joints. 
Hakuto et al [3] in 2000 studied two exterior BCJs categorized as unit 06 and unit 07. Each 
unit had one tie in the joint but they differ from each other in detailing of beam longitudinal 
reinforcement within a joint. In unit 06 beam steel was hooked in the joint while in unit 07 
it was bent outside the joint in to the column as shown in Figure 2-1 other design parameters 
are summarized in Table 2-1. In unit 07 early degradation of joint was observed with joint 
failure mode. Unit 06 in contrast had mixed failure and shown much better performance in 
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terms of ductility and shear response. This study illustrates the significance of bending the 
beam main steel inside the joint rather than in to the column. Figure 2-1 illustrates the steel 
details, hysteresis curves and failure mechanism in both the units. 
 
Figure 2-1  Reinforcement details, hysteresis curve and failure modes of specimens [3] 
Gokgoz [14] investigated the seismic behavior of  BCJs with transverse beam on each sides 
of the joint with a slab in one of the specimen as shown in Figure 2-2 Joints were designed 
according to pre-1970’s construction details practiced in United States Figure 2-3 
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Figure 2-2 Exterior BCJs with and without slab [14] 
 
Figure 2-3 Reinforcement details and loading protocol [14] 
Seismic performance of these specimens was compared with previously reported similar 
specimens without transverse beams (US-C-Control). Results of this study demonstrates 
that presence of transverse beams (US-E-Control) increases the deformation capacity and 
strength of BCJ. Inclusion of slab (US-ES-Control) considerably enhanced the strength and 
stiffness. 
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Figure 2-4 Backbone curves of test specimens [14] 
Ghobarah and Said [15] studied the performance of CFRP retrofitted BCJs with seismically 
deficient reinforcement details Table 2-1. Their control specimen had shown high 
vulnerability against seismic excitation and failed in a conventional shear mode with 
substantial strength loss. The same joint experienced complete loss of load carrying 
capacity at displacement ductility co-efficient of 2.5. 
Many researchers also focused on the BCJs considering the effect of some comprehensive 
clarifications on performance and failure. As an example: 
Park et al. in 2002 [8] discussed the improvement in performance of seismically 
substandard BCJs of pre 1970’s construction by comparing them with the performance of 
BCJs designed according to current design concept and details, considering the various 
anchorage of beam steel in BCJ and reinforcement type both plane and deformed. 
However, in their review axial compressive load on column was zero except for the two 
specimens that had an ALR of 0.25. The specimens with axial load had demonstrated a 
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significant enhancement in stiffness and strength because of delayed premature failure of 
joint by diagonal tension cracking. 
The influence of axial compressive load which is one of the key influencing parameter in 
seismic performance of BCJ has not given due consideration in most of the studies 
available in literature whether concerned with study of deficient joints or with performance 
of joints designed according to current design practice like Hakuto et al [3] and Park et al. 
[8]. Very few studies has demonstrated the seismic behavior of BCJs considering the effect 
of CAL and even in those studies this effect is not completely understood due to lack of 
detailed explicit study like: 
Clyde et al. [16] studied the seismic behavior of four half scaled BCJs without confinement 
ties in the joint and transverse beams. Effect of two different ALR was considered that 
were (0.10 and 0.25) other test parameters are summarized in Table 2-1. The beam and 
column was designed such that failure occurred in the joint. At the initial yielding of beam 
steel joint withstand the shear failure. Increase of 8% joint shear capacity was observed 
due to increased CAL. Displacement ductility observed at ALR of 0.10 and 0.25 was 2.7 
and 1.6 respectively. Hysteresis measured at both axial load are shown in Figure 2-5 
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Figure 2-5 Hysteresis response measured at different axial load levels [16] 
Barnes and Jigorel [17] reported the results of two tests on exterior BCJs with transverse 
slabs having no confinement reinforcement in the joint. Joints were designed such that 
column reinforcement yields, which is a very common failure mechanism in older 
buildings. In test 1 ALR was 0.40 which was reduced to 0.20 f’c Ag in test 2. The results of 
this study demonstrated rapid strength degradation in test 1 with high axial load than that 
observed in test 2 with low axial load. However, increase of around 11% ultimate joint 
shear capacity was observed due to increased CAL. Comparison of hysteresis response for 
both the tests is presented in Figure 2-6 
 
Figure 2-6 Hysteresis response for test 1 and test 2 with different axial load [17] 
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Wong [18] studied mainly the influence of column and beam  reinforcement in BCJs. Total 
eleven exterior BCJs without confining ties were studied as displayed in Figure 2-7. All 
the specimens had an ALR of 0.15 except for two that was tested at ALR of 0.03, design 
details of these specimens are presented in Table 2-1. Specimens with a certain amount of 
intermediate column reinforcement resulted in 24% rise in the joint shear capacity. 
However, with an increase in column intermediate reinforcement had a very minor effect 
in increasing joint shear resistance capacity implying the threshold limit. Results of these 
experiments also demonstrated that increasing an axial compressive load on column results 
in an increase of joint shear capacity.  
 
Figure 2-7 Details of exterior BCJ with column intermediate reinforcement [18] 
Antonopoulos and Triantafillou [19] investigated eighteen 2/3 scale BCJ specimens with 
two control specimens (without FRP) to evaluate shear capacity of BCJ using fiber 
reinforced polymers. The specimen details utilized are presented in the Figure 2-8. 
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Figure 2-8 Geometry of specimens and reinforcement details [19] 
In this study, all of the specimens had same CAL of 46 kN except for one specimen which 
received an axial load of 115 kN and on basis of their test results they have found a positive 
effect of high CAL on shear capacity of  BCJ. According to their findings, strength of BCJ 
because of high axial load increased by 65% to 85% and energy dissipation increased by 
50% to 70%. 
Pantelides et al. [20] studied the six exterior BCJs without confinement reinforcement in 
the joint. The study focused to investigate the performance of different types of beam bars 
anchorage details in to the joint under ALR of 0.10 and 0.25. Figure 2-9 shows the three 
different types of anchorage for beam steel including small embedment length in to the 
joint, extended up to the outer face of column and beam bars bent in BCJ. 
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Figure 2-9 Schematic view of test setup [20] 
Joints with insufficient embedment lengths suffered the bond slip failure however by 
increasing ALR from 0.10 to 0.25 improved the strength up to 35% as bars sustained the 
bond failure due to higher CAL. The shear capacity of other two joints with straight and 
hooked beam bars in to BCJ increased up to 15% with an increase in axial load.
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Table 2-1 Summary 
Researchers Specimens 
Joint 
Type 
Joint 
aspect 
ratio 
f’c 
MPa 
Beam Column 
VTest 
(MPa) ρbb 
(%) 
ρtb 
 (%) 
fyb 
MPa 
ρc 
(%) 
fyc 
MPa 
Hakuto [3] 
06 Exterior 1.10 31.0 0.66 1 308 0.86 308 3.75 
07 Exterior 1.10 31.0 0.66 1 308 0.86 308 4.06 
Gokgoz [14] 
US3-E Ext. 2 TB 1.67 23.5 0.59 0.72 359 2.10 441 4.35 
US3-ES Ext. 2TB 1.67 23.5 0.59 1.08 359 2.10 441 6.12 
Clyde et al. 
[16] 
SP 2 Exterior 0.89 46.2 2.45 2.45 454 2.23 469 6.26 
SP 6 Exterior 0.89 40.9 2.45 2.45 454 2.23 469 6.26 
SP 4 Exterior 0.89 37.0 2.45 2.45 454 2.23 469 7.07 
SP 5 Exterior 0.89 40.1 2.45 2.45 454 2.23 469 6.83 
Barnes [17] 
Test 1 Ext. 2 TB 1.50 46.1 1.00 1.94 448 3.20 469 11.05 
Test 2 Ext. 2TB 1.50 40.9 1.00 1.94 448 3.20 469 11.57 
Pantelides 
et al. [20] 
SP 1 Exterior 1.00 33.0 1.90 1.90 459 2.45 469 5.39 
SP 2 Exterior 1.00 33.0 1.90 1.90 459 2.45 469 5.24 
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Researchers Specimens 
Joint 
Type 
Joint 
aspect 
ratio 
f’c 
MPa 
Beam Column 
VTest 
(MPa) ρbb 
(%) 
ρtb 
 (%) 
fyb 
MPa 
ρc 
(%) 
fyc 
MPa 
Pantelides 
et al. [20] 
SP 3 Exterior 1.00 34.0 1.90 1.90 459 2.45 469 5.08 
SP 4 Exterior 1.00 34.0 1.90 1.90 459 2.45 469 5.66 
SP 5 Exterior 1.00 31.6 1.90 1.90 459 2.45 469 5.46 
SP 6 Exterior 1.00 31.6 1.90 1.90 459 2.45 469 5.46 
Wong [18] 
BS-L Exterior 1.50 30.8 0.94 0.94 520 2.25 520 4.05 
BS-U Exterior 1.50 30.9 0.94 0.94 520 2.25 520 4.06 
BS-LL Exterior 1.50 42.1 0.94 0.94 520 2.25 520 5.39 
BS-L-LS Exterior 1.50 31.6 0.94 0.94 520 2.25 520 5.06 
BS-V2T10 Exterior 1.50 32.6 0.94 0.94 520 2.25 520 3.19 
BS-V4T10 Exterior 1.50 28.3 0.94 0.94 520 2.25 520 4.79 
BS-L600 Exterior 2.00 36.4 0.68 0.68 520 2.25 520 3.38 
JA-NN03 Exterior 1.33 44.9 0.46 0.46 520 2.25 520 3.38 
JA-NN15 Exterior 1.33 46.0 0.46 0.46 520 2.25 520 3.87 
JB-NN03 Exterior 1.00 47.3 0.65 0.65 520 2.25 520 3.89 
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Researchers Specimens 
Joint 
Type 
Joint 
aspect 
ratio 
f’c 
MPa 
Beam Column 
VTest 
(MPa) ρbb 
(%) 
ρtb 
 (%) 
fyb 
MPa 
ρc 
(%) 
fyc 
MPa 
Wong [18] BS-L-300 Exterior 1.00 34.1 1.53 1.53 520 2.25 520 6.01 
Ghobarah and 
Said [15] 
T 1 Exterior 1.00 30.9 1.20 1.20 425 1.80 425 5.58 
T 2 Exterior 1.00 30.9 1.20 1.20 425 1.80 425 5.63 
Antonopoulos 
and 
Triantafillou 
[19] 
C1 Exterior 1.50 19.4 0.77 0.77 585 1.54 460 2.57 
C2 Exterior 1.50 23.7 0.77 0.77 585 1.54 460 2.95 
 
Note: Axial load ratio (ALR) =
ே
஺೒௙ᇲ೎
; VTest = Shear strength from experiment;  ݂ᇱ௖ = Concrete compressive streng
reinforcement percentage; ρtb = Beam top reinforcement percentage; ρc  = Column reinforcement percentage; fyb =
yield strength; fyc = Column reinforcement yield strength, Aspect ratio = 
௕௘௔௠ ௗ௘௣௧௛
஼௢௟௨௠௡ ௗ௘௣௧௛, N = column axial load
sectional area. 
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2.4. Beam-Column Joint Shear Strength Models 
Several models are currently available to characterize seismic behavior of BCJs.  In this 
section, the existing joint shear strength models proposed by several researches and design 
guidelines are reviewed. 
2.4.1. Shear Strength Model of Vollum and Newman 
Vollum and Newman [21] has developed the model to estimate the shear strength of 
exterior BCJs: 
௖ܸ = 0.642ߚ ቆ1 + 0.555 ቀ2 −
௛್
௛೎
ቁቇ ܾ௘௙௙ ℎ௖ ඥ ௖݂                       (2.1) 
௝ܸ = ௖ܸ + (ܣ௦௝௘ ௬݂ − ߙܾ௘௙௙ℎ௖ඥ ௖݂)                                  (2.2) 
The above joint shear capacity ௝ܸshould be less than the following: 
௝ܸ < 0.97 ቆ1 + 0.555 ቀ2 −
௛್
௛೎
ቁቇ ܾ௘௙௙ ℎ௖ ඥ ௖݂ < 1.33ܾ௘௙௙ ℎ௖ ඥ ௖݂             (2.3) 
where Vj is the overall joint shear strength including stirrups. α depends on joint aspect 
ratio, column load, amount of stirrups and strength of concrete and is taken conservatively 
as 0.2. β is a co-efficient taken as 1 for standard 90 degree hooks and 0.9 for U shaped bend 
of beam main steel in the joint. This model while considered influence of anchorage details 
of beam steel in BCJ and joint aspect ratio as significant parameters did not explicitly 
consider the effect of CAL. 
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2.4.2. Shear Strength Model of Bakir and Boduroglu 
Bakir and Boduroglu [22] proposed an empirical model considering mainly the effect of 
anchorage details and amount of beam steel, aspect ratio of joint and amount of stirrups in 
the joint. The effects of above parameters are incorporated in the model based on the 
parametric study and by calibrating each parameter independently from the other. The 
shear strength equation considering the effects of above parameters is as follow: 
௖ܸ = 0.71ߚߛ ቀ
ଵ଴଴஺ೞ್
௕್ௗ
ቁ
଴.ସଶ଼ଽ
 ቀ௕೎ା௕್ଶ ቁ ቀ
௛್
௛೎
ቁ
ି଴.଺ଵ
 ℎ௖ඥ ௖݂ +  ߙܣ௦௝௘ ௬݂              (2.4) 
where β can be taken as 0.85 for joints with U shaped anchorage of beam reinforcement 
and 1 for the standard 90-degree hook. γ can be taken as 1.37 and 1 for inclined bars in the 
joint and 1 for other cases. The proposed joint shear strength equation does not take in to 
an account the effect of CAL. According to the analysis of Bakir and Boduroglu [22] CAL 
has no effect on the BCJ shear strength. 
2.4.3. Shear Strength Model of Sarsam and Phillips 
Shear strength equation proposed by Sarsam and Phillips [23] is based on test databank of 
exterior BCJs subjected to monotonic loading. Parameters like aspect ratio of joint, axial 
load on column and column steel percentage are lumped in to the following shear strength 
equation: 
௝ܸ = 5.08൫݂ᇱ௖ߩ൯
଴.ଷଷ ቀௗ೎ௗ್ቁ
ଵ.ଷଷ
൬1 + 0.29 ே஺೒൰
଴.ହ
ܾ௖݀௖                       (2.5) 
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where ௝ܸ is the shear strength of BCJ. According to the above model joint shear capacity 
enhances with an increase in CAL however a limit of axial load ratio 
ே
஺೒௙ᇲ೎
≤ 0.42  was set 
due to unavailability of experimental results in literature above this limit. 
2.4.4. Shear Strength Model of Ilki et al 2011 
According to Ilki et al [24] shear failure of BCJ is assumed to occur on the onset of diagonal 
cracking which occurs when the principal tensile stresses reaches the tensile strength of 
concrete. The shear strength equation proposed by Ilki et al [24] is as follow:   
߬௩௖ = 0.5ඥ݂′௖ ඨ1 −
ே
଴.ହට௙ᇲ೎஺೒
                                    (2.6) 
௖ܸ =  ߬௩௖ ܾ ݀                                                (2.7) 
where ௖ܸ is the shear capacity of concrete in the joint. According to this model joint shear 
strength enhances with an increase in CAL.  
2.4.5. Current Design Guidelines 
ACI-ASCE Committee 352 [25] recommended the following joint nominal shear strength 
equation: 
ݒ௡ = 0.083 ߛඥ݂′௖ ௝ܾ ℎ௖                                         (2.8) 
where ℎ௖ is the depth of column in direction of load and ௝ܾ is the effective joint width 
= smallest of ൞
௕್೐ೌ೘ା௕೎೚೗
ଶ ,
ܾ௕௘௔௠ +  ∑
௠௛
ଶ ,
ܾ௖௢௟
                                    (2.9) 
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 ݉ is the co-efficient that catered for the effect of eccentricity which can be taken as 0.3 
when eccentricity between column centroid and beam center line exceeds ܾ௖௢௟/8 and 0.5 
for all other cases. ߛ is constant that depends on the type either Type 1 or Type 2 joints and 
classification based on confinement of the joint. 
2.5. Summary of Parameters Influencing Seismic Performance of BCJ 
Review of the experimental studies performed on BCJs as discussed in the previous 
sections reveals that several important parameters influence the seismic behavior of 
exterior BCJs. These parameters comprise the anchorage of beam steel ratio, aspect ratio 
of the joint, loading protocol on beam column join assemblies, effect of slab on 
performance of BCJs, and effect of presence of transverse beams on confinement and thus 
on performance of the joint. The effects of above parameters are studied by many 
researches and are well understood and incorporated in many joint shear strength model 
and consequently in the current design guidelines. But CAL which is a key influencing 
parameter in predicting shear strength of BCJ is not considered explicitly so far and may 
be due to its complex effects on the shear strength of BCJ this parameter is not well 
understood. Very few researches studied the effect of CAL in predicting seismic behavior 
of BCJ as summarized in Table 2-1 and even in these studies range of axial load ratio is 
very narrow, in most of the cases variation of studied ALR is not more than approximately 
0.15 and maximum axial load considered and well documented in form of shear strength 
equation is 0.42 f’c Ag as in case of Sarsam and Phillips [23]. Due to lack of detailed study 
on effect of CAL on BCJ researchers working in this area have different opinions. Some 
researchers [16]–[20], [23] find that with increase in CAL joint shear strength enhances, 
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while another group of researchers [21], [22] believe that joint shear strength is not effected 
by CAL. 
2.6. Previous Research on Numerical Modelling of BCJs 
Research work of Will et al. in 1972 [26] was one of the first numerical study of joint 
region in which elastic behavior of concrete in compression and tension was considered. 
In 1981 Noguchi [27] simulated reinforced concrete BCJs using discrete crack model to 
predict cracks in concrete. Since then many research work has been done on numerical 
modelling of BCJs which resulted in a lot of improvement in terms of material models for 
concrete and interaction between steel and concrete. Few examples of this research work 
includes: 
Baglin and Scott in 2000 [28] modelled sixteen reinforced concrete BCJs using non-linear 
finite element code SBETA. Different failure mechanisms were apprehended from 
numerical models which includes beam failure, shear failure of joint and anchorage failure; 
depending on the type of reinforcement and strength of concrete. Results of finite element 
modelling was in close agreement with that of experiment both in terms of strength and 
failure mechanism.  
Sagbas [29] used a nonlinear finite element program VecTor2 to model several BCJ 
subassemblies. In this research smooth reinforcement bars with unconfined seismically 
deficient BCJs were considered with different rehabilitation schemes. In numerical 
modelling concrete was modelled using Hognestad parabola for pre-post behavior and 
“Modified Park-Kent” model available in VecTor2 was utilized to model the post-peak 
behavior whereas default linear option was used for tensile behavior of concrete. Mohr-
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Coulomb criteria was considered for modelling concrete cracking. Numerically obtained 
results were successfully matched with experiment in term of load capacity, ductility and 
failure mechanism. 
Ahmed et al. [30] utilized DYANA software to model exterior BCJs with low strength 
concrete that were experimentally tested in Istanbul Technical University. In numerical 
modelling of BCJs Drucker-Prager failure criteria was considered for concrete. Numerical 
results showed good match in terms of strength and failure. Calibrated models were then 
used to advance research in modelling shear critical BCJs with normal strength concrete. 
Mitra et al [31] utilized DIANA 9.1 to simulate BCJs. Drucker-Prager model was used for 
compression response whereas fixed crack model [32] with Hordijk softening [33] was 
utilized for modelling tensile behavior. Mitra [31] with above combination of material 
models concluded that above combination of software and material models are capable of 
representing behavior of fairly complex problems but could not captured cracking and 
crushing of concrete simultaneously due to numerical unstable algorithms and lack of 
martial models in DIANA 9.1 software. Thus he recommended the explicit non-linear FE 
codes like LS-DYNA and ABAQUS for simulation of complex problems considering local 
inelastic mechanisms. 
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CHAPTER 3  
THEORY AND MECHANICS OF BCJ 
3.1. Introduction 
In this chapter first theoretical preliminaries of BCJs are presented. Then mechanics of 
BCJs is discussed which encompasses comprehensive mechanistic model to estimate shear 
strength of joint considering axial load on column. 
3.2. Geometrical Types of BCJs 
BCJs have different geometrical shapes depending upon their location in a building. This 
research work is concerned with exterior BCJs as displayed in Figure 3-1. 
 
Figure 3-1 X-section of building parallel to lateral load with different types of BCJs 
a) Roof-Exterior; b) Roof Interior; c) Interior; d) Exterior 
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3.3. BCJs Failure Mechanisms 
Based on the literature review in the previous chapter, following BCJs failure mechanism 
are established: 
3.3.1. Joint Failure 
Joint Failure (JF) mode takes place when columns and beams are adequately designed and 
reinforced to take seismic forces. Thus BCJ which is responsible to take both horizontal 
and vertical forces becomes a weakest link and fails in pure shear. This failure mechanism 
of joint is most brittle and gives true shear capacity and is most common in seismically 
deficient buildings. 
3.3.2. Beam-Joint Failure 
Beam-Joint Failure (BJF) occurs if beam main steel yields followed by shear cracking of 
joint. This failure mechanism is more ductile as compared to JF mode owing to yielding of 
beam longitudinal steel. 
3.3.3. Column-Joint Failure 
Column-Joint Failure (CJF) occurs when column reinforcement yield which initiates shear 
cracking in the joint. This failure mechanism is very common in non-seismically designed 
buildings in which weak column and strong beams are most frequent. 
3.3.4. BCJ Failure 
BCJF is the combination of BJF and CJF where yielding in beam and column 
reinforcement starts simultaneously followed by intense shear cracking of joint. 
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3.3.5. Joint Axial Failure 
Joint Axial Failure (JAF) is a crushing failure that occurs either due large lateral 
displacements or due to very high CAL during seismic excitation especially in case of 
unconfined joints. 
3.4. Mechanics of BCJs 
BCJ is a key structural component which is used to transfer vertical and lateral forces from 
column and beams respectively. Axial load ܰ on column creates an axial stresses ߪே 
whereas load on beam ܸ creates a shear stresses ߬௩ in the joint. These stresses can be 
converted to principal joint stresses ߪଵ and ߪଶ  respectively using Mohr’s circle as shown 
in Figure 3-2. 
Principal joint stresses can be calculated as follow: 
ߪଵ =  
ఙೣା ఙ೤
ଶ + ටቀ
ఙೣି ఙ೤
ଶ ቁ
ଶ
+ ߬௫௬ଶ                                  (3.1)  
ߪଶ =  
ఙೣା ఙ೤
ଶ − ටቀ
ఙೣି ఙ೤
ଶ ቁ
ଶ
+ ߬௫௬ଶ                                  (3.2) 
where ߪ௫ =  ߪே and ߪ௬ =  0 which is stress in beam longitudinal direction therefore 
Equation [3.1] and Equation [3.2] can be written as: 
ߪଵ =  
ఙಿ
ଶ + ටቀ
ఙಿ
ଶ ቁ
ଶ
+ ߬௫௬ଶ                                      (3.3)  
ߪଶ =  
ఙಿ
ଶ − ටቀ
ఙಿ
ଶ ቁ
ଶ
+ ߬௫௬ଶ                                       (3.4) 
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Figure 3-2 a) Applied loads, stresses in joints and principal stresses; b) Mohr's circle 
ߪଵ Figure 3-2a when surpasses the tensile capacity of the concrete ௧݂ a crack is formed as 
shown in Figure 3-3. Similarly joint axial failure occurs if ߪଶ increases the ݂′௖. 
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Figure 3-3 Diagonal shear crack mechanism in BCJ 
William and Warnke [34] failure criteria as employed by many commercially available 
nonlinear finite element codes like ANSYS is used to define failure of concrete. As per 
William and Warnke failure criteria two strength parameters that is tensile strength ௧݂ and 
compressive strength ݂′௖ are required to define the failure surface of concrete.  Cracking 
failure occurs if principal stress ߪଵ surpasses the tensile capacity of the concrete ݂ ௧ similarly 
crushing failure occurs if principal stress ߪଶ increases the  ݂′௖. Failure surface by William 
and Warnke is shown in Figure 3-4 
In Figure 3-4 slope of line in fourth quadrant can be written as: 
݉ =  ௬మି ௬భ௫మି ௫భ                                                 (3.5) 
Substituting values we get  
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݉ =  
଴ି൬ି ഑మ  ೑ᇲ೎
൰
഑భ 
೑೟
ି ଴                                                 (3.6) 
where 
ఙభ 
௙೟
 and 
ఙమ 
 ௙ᇲ೎
 equals to unity, thus ݉ = 1  
 
Figure 3-4 Failure surface of concrete 
Therefore, equation of line can be written as: 
ݕ = ݉ݔ + ܿ                                                 (3.7) 
Substituting values in above equation  
 
ఙమ 
 ௙ᇲ೎
=  ఙభ ௙೟ − 1 
or 
ఙభ 
௙೟
− ఙమ  ௙ᇲ೎ = 1                                                (3.8)  
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ߪଶ can be written in terms of  ߪଵ as: 
ߪଶ =  ܿ ߪଵ                                                 (3.9) 
where 1/ܿ = -1 for pure shear thus 
− ߪଶ =  ߪଵ                                                (3.10) 
Similarly 1/ܿ = 0 for pure compression thus 
 ߪଵ = 0                                                  (3.11) 
Therefore 1/ܿ ranges [-1, 0] 
Substituting Equation [3.9] in to Equation [3.8] ߪଵ and ߪଶ can be written as: 
ߪଵ =  
௙೟ ௙ᇱ೎ 
 ௙ᇱ೎ି௖௙೟ 
                                               (3.12) 
ߪଶ =  
௖ ௙೟ ௙ᇱ೎ 
 ௙ᇱ೎ି௙೟ 
                                                (3.13) 
Solving Equation [3.3] and Equation [3.12] or Equation [3.4] and [3.13] simultaneously 
with various values of ߪே ranges [0-  ݂′௖] and 1/ܿ ranges [-1, 0] shear stress at failure can 
be obtained against each value of ߪே. Thus plotting ߪே against calculated value of ߬௫௬ =
 ݒ௝ interaction diagram as shown in Figure 3-5 can be established for various strengths of 
concrete. 
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Figure 3-5 Shear strength - axial stress interaction for different concrete strengths 
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CHAPTER 4  
EXPERIMENTAL PROGRAM 
4.1. Introduction 
This chapter delineates the experimental program conducted at “Heavy Structures Testing 
Laboratory” at KFUPM. The test program mainly composed of seven 1/3 scale exterior 
BCJs. The main focus of the test program was to understand the effects of different 
magnitude of CAL on seismic behavior of exterior BCJs. ALR was varied from 0.0 to 0.7 
to gain insight of its effects and to understand susceptibility to axial and shear failure of 
BCJs. Both monotonic and reversed cyclic loading was applied to evaluate the actual shear 
capacity and stiffness degradation under seismic excitation respectively. All the specimens 
were highly equipped and instrumented to capture important aspects of performance under 
different types of loading. 
4.2. Objectives of Experimental Program 
The primary objectives of experimental program are as follow: 
1. Effects of different magnitude of axial load on seismic behavior of BCJs. 
2. Understand and ascertain different failure mechanisms in BCJs under different 
axial loads. 
3. Analyze the shear capacity of joints under monotonic and reversed cyclic loading. 
4. Comprehend the overall seismic behavior of BCJs. 
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5. To obtain sufficient data to calibrate FE model in order to extend the research in 
subject area. 
4.3. Specimens Design and Details 
In order to achieve better understanding of effects of axial load and its role in joint 
performance design characteristics such as BCJ dimensions and reinforcement were kept 
same in seven specimens. The component design of specimens are discussed in following 
paragraphs. 
4.3.1. Design of Beam 
Reinforcement ratio in a beam was kept high to promote joint failure mechanism and to 
avoid beam reinforcement yielding. Development length and anchorage of beam steel was 
satisfied according to current ACI 318-14 [35] to ensure proper shear transfer from beam 
to the joint. 
4.3.2. Design of Column 
Column dimensions and reinforcement details were kept constant in all the specimens to 
study the effects of CAL on performance of BCJs. ACI 318-14 [35] was used to design 
column whereas CSiCOl software was used to develop the interaction diagram as shown 
in Figure 4-1. Column was designed such that its flexural capacity was around 2 times 
higher than demand imposed by the beam for all load combinations used in experimental 
program. 
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Figure 4-1 Interaction diagram of column 
4.3.3. Design of BCJ 
In order to examine the effects of CAL dimensions of BCJs were selected to promote joint 
failure mechanism. Aspect ratio ℎ௕/ℎ௖ of BCJ was selected as 1 which is the most common 
case as found in literature review. 
4.3.4. Design Details 
Details of beam and column design are tabulated in Table 4-1 whereas Figure 4-2 displays 
concrete outline and reinforcement layout of specimens. 
Table 4-1 Beam and column design details 
Specimen Dimensions (mm) 
Reinforcement 
Beam Column 
SP1-SP7 
Beam Column Top Bottom Stirrups Main Ties 
200 x 250 200 x 250 4- Ø20 4- Ø20 Ø8 @ 50 6- Ø20 Ø8 @ 50 
37 
 
 
Figure 4-2 Concrete outline and reinforcement layout 
4.4. Specimens Construction 
Specimens were constructed at “Prainsa precast concrete factory, Dhahran” to maintain 
high standards in construction. Wooden forms Figure 4-3 were prepared and special 
attention was given to dimensions, concrete cover, reinforcement spacing and alignments 
which were finally checked at the day of casting. Steel cages Figure 4-4 for all the 
specimens were made at the same time to avoid effects associated with different batches of 
reinforcement. Concrete was ordered from “Saudi Ready-mix Concrete Company” and 
casting of five specimens as shown in Figure 4-5 was done on the same day except for two 
specimens which were casted two weeks later . Simultaneously during the preparation of 
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steel cages strain gauges were installed, labeled and continuously monitored till casting to 
ensure their functionality. After casting special attention was given to curing of specimens 
to avoid loss of moisture from surface that could adversely affect concrete strength. 
 
Figure 4-3 Preparation of formwork 
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Figure 4-4 Installation of reinforcement 
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Figure 4-5 Casting of specimens 
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After completion of 28 days curing period as shown in Figure 4-6 specimens were carefully 
transported from “Prainsa precast concrete factory” to “Heavy Structures Testing 
Laboratory” at KFUPM. 
 
Figure 4-6 Specimens at 28days of curing period 
42 
 
4.5. Material Properties 
4.5.1. Concrete 
Concrete was delivered by “Saudi Ready-mix Concrete Company”. The targeted concrete 
strength was 20 MPa however to ensure actual concrete strength at 28 days and at test dates 
twenty one concrete cylinders (75 mm in diameter and 150 mm in height) were prepared 
during casting of the specimens as a representatives of actual strength of concrete as 
presented in Figure 4-7.  
 
Figure 4-7 Sampling of concrete during casting 
4.5.1.1.  Concrete Compressive Strength Test 
Compression strength test of concrete was conducted on test date of each specimen 
according to ASTM C39M [36] at a loading rate of 0.25 MPa/s as displayed in Figure 4-8. 
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Figure 4-8 Concrete compressive strength test 
Three cylinders were tested for each specimen and results are tabulated in Table 4-2. 
Table 4-2 Concrete compressive strength for SP1 - SP-7 
Specimen ID 
Compressive Strength f’c  
(MPa) 
SP-1 21.01 
SP-2 20.31 
SP-3 21.09 
SP-4 21.20 
SP-5 21.58 
SP-6 30.47 
SP-7 29.71 
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Compressive stress-strain behavior for specimen SP-1 to SP-7 are as follow: 
 
Figure 4-9 Concrete compressive stress-strain behavior for specimen SP-1 - SP-5 
 
Figure 4-10 Concrete compressive stress-strain behavior for specimen SP-6 and SP-7 
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4.5.1.2. Modulus of Elasticity and Poisson’s Ratio. 
Test for modulus of elasticity of concrete and Poisson’s ratio was conducted according to 
ASTM C469 [37] which requires uniaxial cyclic compression test on concrete cylinders as 
shown in Figure 4-11. Results of cyclic behavior of concrete for specimens SP-1 and SP2 
and SP3 to SP5 tested on adjacent dates is shown in Figure 4-12 and Figure 4-13 
respectively while that for specimen SP-6 and SP-7 is shown in Figure 4-14 
 
Figure 4-11 Cyclic test on concrete cylinders 
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Figure 4-12 Behavior of concrete under cyclic compressive loading for SP1 and SP2
 
Figure 4-13 Behavior of concrete under cyclic compressive loading for SP3 - SP5 
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Figure 4-14 Behavior of concrete under cyclic compressive loading for SP6 and SP7
Modulus of elasticity is calculated according to following relation: 
ܧ = (ܵଶ − ଵܵ)/(∈ଶ− 0.000050)                                  (4.1) 
where E is modulus of elasticity, S2 is stress at 40% of failure load, S1 is stress at 
longitudinal strain ϵ1 = 0.000050 and ϵ2 is the longitudinal strain correspond to S2. 
Poisson’s ratio is calculated as follow: 
μ = (∈௧ଶ− ∈௧ଵ)/(∈ଶ− 0.000050)                                 (4.2) 
where ∈௧ଶ and ∈௧ଵ are transverse corresponds to stress of S2 and S1 respectively.  
Results of this test are tabulated in Table 4-3. 
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Table 4-3 Elastic modulus and Poisson's ratio 
Specimen 
ID 
Modulus of Elasticity  
(MPa) 
Poisson’s Ratio 
SP-1 – SP-2 21542 0.20 
SP-3 – SP-5 21528 0.20 
SP-6 – SP7 25700 0.19 
4.5.1.3.  Concrete Tensile Strength Test 
Concrete tensile strength was calculated indirectly by split cylinder test conducted 
according to test procedure laid down by ASTM C496 [38] as displayed in Figure 4-15. 
 
Figure 4-15 Split cylinder strength test 
 Average split tensile strength was calculated by conducting three split cylinder tests on 21 
MPa (SP1-SP5) and 30 MPa (SP6-SP7) concrete respectively according to following 
relation: 
௧݂ =
ଶ ௉
గ ௟ ௗ                                                  (4.3) 
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where ܲ is applied load, ݈ and ݀ are length and diameter of cylinder and ௧݂ is the split 
tensile strength. Tensile strength of concrete according to Equation [4.3] is tabulated in 
Table 4-4 
Table 4-4 Tensile strength of concrete 
Specimen 
ID 
Tensile Strength 
  (MPa) 
SP-1 – SP-5 2.81 
SP-6 – SP7 3.08 
4.5.2. Steel reinforcement 
ASTM A615 deformed reinforcement was utilized for column and beam reinforcements 
which were tested in “Structural Mechanics Lab” of KFUPM Figure 4-16.  
 
Figure 4-16 Testing of reinforcing steel 
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Ø8 bar was used as ties and stirrups in column and beam respectively whose yield strength 
was found to be 580MPa at strain of 0.0030 mm/mm Figure 4-17 giving E = 193600 MPa 
whereas Ø20 bar was used as main longitudinal reinforcement for beam and column whose 
yield strength was found to be 605MPa at strain of 0.0031 mm/mm as shown in Figure 
4-18 giving E = 195161 MPa. 
 
Figure 4-17 Stress-strain curve for Ø8 reinforcing bar 
 
Figure 4-18 Stress-strain curve for Ø20 reinforcing bar 
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Tensile strength test results of steel reinforcement are summarized in Table 4-5.  
Table 4-5 Results of steel tensile test 
Specimen 
Bar 
Size 
Stress (MPa) Strain (mm/mm) Modulus of 
Elasticity, E 
(MPa)  ௬݂ ௨݂ ߳௬ ߳௨ 
SP1-SP7 
Ø8 580 667 0.0030 0.0105 193600 
Ø20 605 695 0.0031 0.0106 195161 
4.6. Test Setup Details 
Test setup is designed to simulate forces and boundary conditions to which BCJ is 
subjected under seismic excitation. Moment release is provided at beam’s end and at top 
and bottom ends of the column to simulate the three inflection points in the actual structure 
as shown in Figure 4-19a. which is the deformed shape of BCJ sub-assembly under seismic 
action. Figure 4-19b. shows the test idealized arrangement in which both ends of the 
column are restrained with pin while load at beam’s is applied to simulate load reversal 
which perfectly simulate the forces and boundary conditions except the P-Δ effect, which 
do not have consequences on performance of BCJ. 
 
Figure 4-19 a) Deformed shape of BCJ under seismic action; b) Test idealization 
52 
 
Test setup comprises of steel reaction frame, hydraulic jacks and supports. Steel reaction 
frame takes load from two hydraulic jacks one at the column and other at the beam tip. The 
jack at the column with loading capacity of 1200 kN is used to apply loads of different 
magnitude on column according to loading protocol whereas jack at the beam tip with 
loading capacity of 300 kN is used to apply load reversal to simulate seismic loads. Two 
specially designed pin supports are also connected to the frame to support column and to 
allow application of loads from both the jacks. Figure 4-20 and Figure 4-21 shows the 
schematic diagram and BCJ test setup respectively at KFUPM. 
 
Figure 4-20 Schematic diagram of BCJ test setup at KFUPM 
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Figure 4-21 Test setup at KFUPM 
4.7. Instrumentation 
4.7.1. Introduction 
Specimens were highly equipped to capture all the required aspects of experiment like 
over-all structural response, local distortions, and strains in concrete and steel. 
Instrumentation was similar for all the specimens and done in two stages. First stage 
instrumentation was done before casting which includes the installation of electrical steel 
stain gauges which were continuously monitored till casting to ensure their functionality. 
Second stage instrumentation was done in laboratory which includes installation of external 
equipment like concrete strain gauges, (Linear Variable Differential Transformer, 
LVDT’s) and extensometer. Apart from specimen instrumentation frame was also 
equipped with LVDT’s to measure any possible over-all rigid movements of the specimen. 
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4.7.2. First Stage Instrumentation 
In first stage instrumentation steel strain gauges of 120Ω electrical resistance were installed 
and protected with waterproofing materials. Column bars were gauged just above and 
below the joint which is the most critical flexural zone for column reinforcement. Beam 
longitudinal reinforcement both top and bottom layers were gauged near the joint interface 
to measure the strains for two-fold reason, one of the reason is to measure the strains which 
is used in shear capacity calculation of joint and the other is to investigate the possible 
reinforcement yielding to judge failure mechanism. First stirrup at shear critical section of 
beam was also equipped with strain gauge to measure any likely yielding. Locations of 
steel strain gauges are shown in Figure 4-22. 
 
Figure 4-22 Location of steel strain gauges 
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4.7.3. Second Stage Instrumentation 
Second stage instrumentation includes installation of external equipment like concrete 
strain gauges, LVDT’s, extensometer etc. 
Concrete strain gauges were mounted in vertical direction on all the sides of the column to 
ensure concentric application of axial load as far as possible. Portion of columns just above 
and below the joint which is the most critical flexural zone was also gauged. Concrete 
cross-strain gauges were mounted on both faces of joint to measure stains. One concrete 
strain gauge was mounted at column face beside the joint to measure strains at onset of 
reinforcement rotation. Along with concrete strain gauges LVDT’s were installed on joints 
to measure shear deformation in the joint. Two LVDT’s were installed at top and bottom 
clamp support of the column to measure any possible rigid body motion of the specimen. 
One extensometer was attached at the beam tip to measure deflection under application of 
load. External instrumentation of specimen Figure 4-23 and Figure 4-24. 
 
Figure 4-23 Schematic diagram of external instrumentation 
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Figure 4-24 External instrumentation 
4.8. Test Program 
4.8.1. Introduction 
Both monotonic and reversed cyclic loading was considered in test program to estimate the 
actual shear capacity and stiffness degradation under seismic excitation respectively. 
Monotonic test was conducted on four specimens to precisely monitor the effect of 
different magnitude of column axial load on strength and failure mechanism whereas 
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reversed cyclic loading was applied on three BCJ to understand the ductility, stiffness 
degradation and energy dissipation capacity of BCJs. 
4.8.2. Monotonic Load Tests 
Four specimens with same details were subjected to different magnitudes of axial load on 
column according to axial load protocol as tabulated in Table 4-6. Load on beam tip was 
applied until failure of BCJ. Range of ALR 0.0 to 0.7 was considered to capture the 
behavior over entire range. 
Table 4-6 Axial loading scheme 
S. No. 
Specimen 
ID 
Magnitude of Axial Load 
(kN) 
Axial load ratio (ALR),  
ே
஺೒௙ᇲ೎
 
1 SP-1 0 0.00 
2 SP-2 200 0.19 
3 SP-3 600 0.57 
4 SP-6 1050 0.70 
4.8.3. Reverse Cyclic Load Tests 
Reverse cyclic load test was done on three specimens to understand the performance of 
BCJs subjected to different magnitude of axial and cyclic loads to simulate actual scenario 
to which BCJs are subjected under seismic excitation. In these tests axial load of different 
magnitudes was applied on column whereas reverse cyclic load was applied at beam tip 
until complete failure of BCJs. 
CAL on specimen SP-4 and SP-5 was 200 kN and 600 kN respectively. Reverse cyclic 
loading protocol for SP-4 and SP-5 Table 4-7.  
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Table 4-7 Loading protocol for specimen SP-4 and SP-5 
 
Note: 
1)  Drift Ratio Percentage = (Beam Tip Displacement/ Beam Length) x 100. 
2) Each cycle is repeated in specimen SP-4. 
Figure 4-25 and Figure 4-26 shows the reverse cyclic loading protocol graphically. 
1 0.11 1 -1
2 0.22 2 -2
3 0.33 3 -3
4 0.44 4 -4
5 0.56 5 -5
6 0.67 6 -6
7 0.78 7 -7
8 0.89 8 -8
9 1.00 9 -9
10 1.11 10 -10
11 1.22 11 -11
12 1.33 12 -12
13 1.44 13 -13
14 1.56 14 -14
15 1.67 15 -15
16 1.78 16 -16
17 1.89 17 -17
18 2.00 18 -18
19 2.22 20 -20
20 2.44 22 -22
21 2.78 25 -25
22 3.11 28 -28
23 3.56 32 -32
24 4.00 36 -36
25 4.56 41 -41
Pull      
(mm)
Push     
(mm)
Drift Ratio   
%
Cycle     
Number
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Figure 4-25 Loading protocol for specimen SP-4 
 
Figure 4-26 Loading protocol for specimen SP-5 
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Column axial load on specimen SP-7 was 1050 kN. Reverse cyclic loading protocol is 
tabulated in Table 4-8. 
Table 4-8 Loading protocol for specimen SP-7 
 
Figure 4-27 shows the reverse cyclic loading protocol for specimen SP-7 graphically. 
 
Figure 4-27 Loading protocol for specimen SP-7 
1 0.11 1 -1
2 0.33 3 -3
3 0.56 5 -5
4 0.78 7 -7
5 1.00 9 -9
6 1.33 12 -12
7 1.67 15 -15
8 2.00 18 -18
9 2.44 22 -22
10 3.00 27 -27
Pull      
(mm)
Push     
(mm)
Drift Ratio   
%
Cycle     
Number
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4.8.4. Summary of Test Loading Scheme 
Loading scheme of all the specimens are tabulated in Table 4-9. 
Table 4-9 Summary of test loading scheme 
S. No. 
Specimen 
ID 
Magnitude of Axial 
Load 
(kN) 
Axial load ratio 
(ALR),  
ே
஺೒௙ᇲ೎
 
Test  
Method 
1 SP-1 0 0.00 Monotonic 
2 SP-2 200 0.19 Monotonic 
3 SP-3 600 0.57 Monotonic 
4 SP-4 200 0.19 Reverse Cyclic 
5 SP-5 600 0.57 Reverse Cyclic 
6 SP-6 1050 0.70 Monotonic 
7 SP-7 1050 0.70 Reverse Cyclic 
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CHAPTER 5  
EXPERIMENTAL RESULTS AND DISCUSSIONS 
5.1. Introduction 
This chapter delineates the result of experimental program as described in the previous 
chapter. In this chapter first the seismic performance of each experimentally tested 
specimen will be discussed which will be judged on parameters like joint failure 
mechanism, joint crack pattern and its propagation, load-drift relationship, joint shear 
strength and joint ductility and energy dissipation capacity. Secondly theses performance 
parameters will be compared to understand the effect of different magnitude of CAL and 
beam loading history. 
5.2. Specimen’s Performance under Monotonic Loading 
5.2.1. Specimen SP-1 
Specimen SP-1 was tested under monotonic loading without CAL. Figure 5-1 presents the 
load-deformation response whereas Figure 5-2 shows the crack pattern of SP-1. The crack 
at interface of joint and the first shear crack in the BCJ was detected simultaneously at load 
of 16 kN at beam tip, corresponding to displacement of 1.34 mm. With increase of 
displacement at beam tip shear cracks in BCJ extended towards the outer edge of column 
and the maximum load of 37.55 kN was reached at displacement of 19.44 mm giving a 
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shear strength of 2.74 MPa. With further increase of displacement at beam tip width of 
shear cracks increased without any increase in the load describing the joint failure. 
 
Figure 5-1 Load-displacement response of specimen SP-1 
First the crack appeared at the center of joint which propagated toward the outer edge of 
column in upward direction and toward the lower beam-joint interface in downward 
direction giving the inclination of main diagonal crack at 45°. At the later stage of loading 
some vertical cracks at outer face (face of joint opposite to beam) was also observed due 
to rotation of beam reinforcement hooks in the joint. Apparently no cracks were detected 
in the beam also the maximum strain observed in beam top reinforcement was 0.00066 
mm/mm which is considerably lower than the yield strain of reinforcement. This condition 
dictates the pure joint failure mode in this specimen. 
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Figure 5-2 Crack pattern of specimen SP-1 
5.2.2. Specimen SP-2 
Specimen SP-2 was tested under monotonic loading with CAL of 200 kN (ALR = 0.19 f’c 
Ag). Figure 5-3 shows the load-deformation response. The first vertical crack in beam and 
the diagonal crack at the center of joint (on both faces) appeared simultaneously at a load 
of 29 kN at displacement of 3.8 mm. With increase in displacement at beam tip the second 
crack appeared at beam-joint interface at a load of 32 kN and displacement of 4.49 mm. 
The third crack at front face of the joint was observed parallel to the first diagonal crack at 
40 kN at displacement of 7.02 mm which increased in width and length until the maximum 
failure load of 51 kN at displacement of 19.48 mm. Just before the failure fourth crack 
appeared in the joint on both the faces in vertical direction which extends in to the column 
Figure 5-4. The shear strength against load of 51 kN is found to be 3.45 MPa. 
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Figure 5-3 Load-displacement response of specimen SP-2 
Figure 5-4 shows the crack pattern in the joint observed at different stages of loading. It is 
important to note that with increase of an ALR from 0.0 to 0.19 the crack initiation at joint 
delayed that is first crack in the joint appeared at 29 kN as compared to Specimen SP-1 
where first crack appeared at 16 kN. Cracking of beam-joint interface also delayed as crack 
in interface of specimen SP-2 was observed at 32 kN as compared to 16 kN in case of 
specimen SP-1 due to more confinement provided by CAL to the beam reinforcement. Also 
the shear strength increases considerably that is from 2.75 MPa to 3.45 MPa with increase 
of ALR from 0.0 to 0.19. Inclination of main diagonal shear crack also increased to 50°. 
Similar to specimen SP-1 vertical cracks appeared at the outer face of joint at later stages 
of loading also very few hair line cracks were also detected in the beam. The maximum 
strain in beam reinforcement was found to be 0.00081 mm/mm which is significantly lower 
than the yield strain of reinforcement. Specimen SP-2 failed in joint failure mode. 
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Figure 5-4 Crack pattern of specimen SP-2 
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5.2.3. Specimen SP-3 
Specimen SP-3 was tested under monotonic loading with CAL of 600 kN (ALR = 0.57 f’c 
Ag). Figure 5-5 shows the load-displacement response. In specimen SP-3 first crack seemed 
in the beam at load of 17 kN corresponding to displacement of 1.03 mm at some distance 
from the interface then the second crack appeared at 21 kN at displacement of 1.32 mm. 
Third crack in beam and crack in beam-joint interface occurred simultaneously at 38 kN 
corresponding to displacement of 4.11 mm. With further increase of displacement at beam 
tip the fourth and fifth crack appeared in the joint at load of 43 kN at displacement of 5.38 
mm. Forth crack appeared at very high inclination of about 75° while the fifth crack was 
perfectly at 90° as shown in the Figure 5-6. Both these cracks then increased in length and 
width until failure of joint which arose at load of 56.87 kN at corresponding to 17.86 mm.  
 
Figure 5-5 Load-displacement response of specimen SP-3 
The shear strength against load of 56.87 kN is found to be 4.23 MPa. 
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Figure 5-6 shows the crack pattern in the joint observed at different phases of loading. It is 
essential to note that with increase of an ALR to 0.57 f’c Ag the crack initiation and pattern 
considerably changed. First crack in the joint appeared at 43 kN as compared to 16 kN and 
29 kN in case of specimens SP-1 and SP-2. Secondly the cracks in the joint appeared after 
reasonable amount of cracks in the beam which was not the case in the previous two 
specimens. Thirdly the inclination of main shear cracks was found to be very high that is 
around 75° and 90°. With increase of axial load enhancement in joint shear strength is 
observed that is shear strength in specimen SP-3 further increased to 4.23MPa as compared 
to 2.75 MPa and 3.45 MPa in case of specimen SP-1 and SP-2 respectively.  
Although considerable number of thin cracks appeared in the beam but maximum strain 
observed in the beam longitudinal reinforcement was 0.000986 mm/mm which is greater 
than the previous two cases but far less than the yield stress of reinforcement. The 
maximum strain observed in the column longitudinal reinforcement is found to be 0.00148 
mm/mm which means that reinforcement in not yielding the above facts dictates that up to 
ALR of 0.57 f’c Ag  no flexural or axial failure of joint is observed. 
The joint of specimen SP-3 also failed in joint shear failure mode like the previous two 
cases however the performance of joint changed considerably due to increase in axial load 
on column not only in term of strength and cracking behavior but also in terms of stiffness. 
Continuous increase in stiffness is observed with increase in ALR from 0.00 to 0.57 which 
will be deliberated in detail later in this chapter. 
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Figure 5-6 Crack pattern of specimen SP-3 
5.2.4. Specimen SP-6 
Specimen SP-6 was tested under monotonic loading with CAL of 1050 kN (ALR = 0.70 
f’c Ag). Figure 5-7 displays the load-displacement curve. In this specimen first number of 
cracks were observed in beam at load of 20 kN at beam tip then the two main vertical 
cracks in BCJ and crack in the beam-joint interface appeared simultaneously at 45 kN 
corresponding to displacement of 3.05 mm. With further increase of displacement crack at 
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beam-joint interface increased in width while vertical cracks in BCJ extended towards the 
column and then increased in width until the failure load for this specimen reached that is 
66.89 kN corresponding to the displacement of 8.55 mm. The joint shear strength is found 
to be 5.20 MPa. 
 
Figure 5-7 Load-displacement response of specimen SP-6 
It is important to note that crack initiation and propagation pattern for specimen SP-6 
Figure 5-8 considerably changed as compared to previous specimen. First all the crack 
appeared in the joint were almost inclined at 90°. Secondly the crack at beam appeared at 
some distance from the interface because of confinement effect of CAL which enables the 
beam longitudinal reinforcement to gain more strains. Some vertical cracks also seemed
on the outer face of the joint and in the column just above the beam top at later phases of 
loading. 
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Figure 5-8 Crack pattern of specimen SP-6 
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Maximum strain recorded in the beam and column longitudinal reinforcement was 
0.001199 mm/mm and 0.001625 mm/mm respectively which is lower than the yield strain 
of reinforcement. Thus joint in the specimen SP-6 also failed in joint failure mode. 
5.3. Specimen’s performance under Reverse Cyclic Loading 
5.3.1. Specimen SP-4 
Specimen SP-2 was tested under reverse loading with an CAL of 200 kN (ALR = 0.19 f’c 
Ag). Specimens were tested under reverse cyclic loading primarily to gain in depth 
knowledge of their seismic performance and to compare the cyclic behavior with their 
monotonic counterparts. 
Figure 5-9 displays the hysteresis response of specimen SP-4 while Figure 5-10 and Figure 
5-11 displays the crack pattern and development observed during the test. JF mode was 
observed in this specimen both in positive (push) and negative (pull) direction of loading. 
The first diagonal crack seemed in the joint at 21 kN during push corresponded to the fourth 
positive cycle at a displacement of 2.80 mm and during pull in fifth negative cycle at a 
displacement of 3.80 mm at load of 26 kN. 
The maximum load in the positive direction reached at 40.9 kN at displacement of 15.07 
mm giving the shear strength of joint as 2.98 MPa whereas maximum load of 43 kN was 
achieved in the negative direction of loading at displacement of 15.22 mm which 
corresponded to shear strength of 3.09 MPa. 
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Figure 5-9 Hysteresis curve of specimen SP-4 
Figure 5-10 shows the crack pattern observed at initial stages of loading. The first crack 
appeared in the beam during push in the second cycle at 20 kN whereas the second crack 
appeared near the interface during pull in the third cycle at a load of 27 kN. Diagonal 
cracking in the joint started in fourth and fifth cycle during push and pull respectively. The 
main crack seemed right at the center of the joint and with increase in loading cycles 
propagated towards the outer edge of the column. Increase in width of diagonal shear 
cracks and development of several parallel cracks was also detected with the progress of 
the test.  
Main diagonal shear cracks in the joints were inclined almost at 45°. Other parallel cracks 
in both directions appeared with subsequent loading in both directions (push and pull) 
formed a net of cracks. 
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Figure 5-10 Development of cracks in initial loading stage of specimen SP-4 
After a peak load 40.9 kN and 43 kN in push and pull respectively cracks in both directions 
increased in width and propagated towards the column. Vertical cracks at the outer edge of 
joint were initiated and crack at beam-joint interface also increased excessively at later 
phases of loading. BCJ of specimen SP-4 failed in joint failure mode with typical wedge 
crack pattern. 
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Figure 5-11 Crack pattern at intermediate and final loading stage of specimen SP-4 
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Pronounced pinching effect of hysteresis is observed due to formation of large number of 
shear cracks in the joint and bond-slip failure between reinforcement and the concrete. The 
phenomenon of pinching is more prominent at high displacements due to severe shear 
damage of joint and bond between concrete and reinforcement. 
Figure 5-12 displays the load-displacement curve envelope of specimen SP-4. The 
maximum load achieved in push and pull was 40.9 kN and 43 kN respectively against 51 
kN as obtained in the monotonic counterpart of this specimen. Thus the shear strength 
obtained is 2.98 MPa and 3.09 MPa in push and pull respectively against 3.45 MPa 
obtained in specimen SP-2 with monotonic loading due to continuous stiffness degradation 
in each cycle of loading.  
 
Figure 5-12 Load-displacement envelope curves of test specimen SP-4 
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Figure 5-13 shows the stiffness degradation curve of specimen SP-4. Peak to peak stiffness 
݇௣ is calculated as a slope of line joining the peak of negative load step of previous cycle 
with the peak of positive load step of current one. Stiffness degraded continuously from 
the first to the last cycle of loading which is calculated as 98 %. Degradation in stiffness is 
more pronounced in the initial stages of loading due to formation of cracks whereas in later 
stages of loading the stiffness degradation is comparatively more gradual as large 
displacements are required for the further crack propagation and damage of BCJ. 
 
Figure 5-13 Stiffness degradation curve of specimen SP-4 
Figure 5-14 shows the cumulative energy dissipation curve of specimen SP-4. Energy 
dissipation can be calculated as area enclosed by load-displacement plots of each cycle. 
Increase in total energy is observed however this increase is not proportional to the applied 
displacement due to degradation of strength associated with each loading cycle. 
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Figure 5-14 Cumulative energy dissipation curve of specimen SP-4 
5.3.2. Specimen SP-5 
Specimen SP-5 was tested under reverse loading with an axial load of 600 kN on column 
(ALR = 0.57 f’c Ag) having a concrete compressive strength of 21 MPa. Figure 5-15 
displays the hysteresis response of specimen SP-5 while Figure 5-16 and Figure 5-17 
displays the crack pattern and development observed during the test. JF mode was observed 
in this specimen both in push and pull. 
First diagonal crack appeared in BCJ at 36 kN during push corresponded to the fifth 
positive cycle at a displacement of 5.12 mm and during pull in fourth negative cycle at a 
displacement of 4.00 mm at 32 kN. 
The maximum load in the positive direction reached at 47.3 kN at 13.60 mm giving the 
shear strength of joint as 3.43 MPa whereas maximum load of 50.0 kN was achieved in the 
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negative direction of loading at displacement of 11.47 mm giving shear strength of 3.50 
MPa. 
 
Figure 5-15 Hysteresis curve of specimen SP-5 
Figure 5-16 shows the crack pattern observed at initial stages of loading. During third cycle 
of loading both in push and pull the first crack appeared at the beam-joint interface at a 
load of 27 kN and 28 kN corresponded to displacement of 3.1 mm and 3.0 mm respectively. 
The main shear crack in the joint appeared at fifth and fourth cycle of loading during push 
and pull respectively.  
Main diagonal shear cracks appeared at the middle of BCJ but propagated towards the outer 
edge of the column at a high inclination that is around 75°. With subsequent loading cycles 
cracks width and length increased and several parallel cracks were observed 
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Figure 5-16 Development of cracks in initial loading stage of specimen SP-5 
Although specimen SP-5 was subjected to high axial load on column but no crushing of 
concrete either in column or joint was observed also reinforcement of both beam and 
column had not yielded thus joint failed in typical joint shear failure mode. The joint failed 
at peak load of 47.3 kN and 50 kN in push and pull respectively after that cracks in both 
directions increased in width and propagated towards the column. Vertical cracks at the 
outer edge of joint were initiated and crack at beam-joint interface also increased 
excessively at later phases of loading shown in Figure 5-17. 
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Figure 5-17 Crack pattern at intermediate and final loading stage of specimen SP-5 
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It can be noticed that pinching effect of hysteresis in this specimen is comparatively less 
as compared to specimen SP-4 which is because high CAL confined the joint against shear 
failure and prevent bond-slip behavior to some extend and thus subjected the reinforcement 
achieve higher strains. The phenomenon of pinching is more pronounced at high 
displacements due to severe shear damage of joint and bond between concrete and 
reinforcement. 
Figure 5-18 displays the load-displacement envelope curve of SP-5. The maximum load 
achieved in push and pull was 47.3 kN and 50 kN respectively against 57 kN as obtained 
in the monotonic counterpart of this specimen. Thus the shear strength obtained is 3.43 
MPa and 3.50 MPa in push and pull respectively against 4.23 MPa obtained in specimen 
SP-3 with monotonic loading due to continuous stiffness degradation in each cycle of 
loading.  
 
Figure 5-18 Load-displacement envelope curves of test specimen SP-5 
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Figure 5-19 shows the stiffness degradation curve of specimen SP-5. Stiffness degraded 
continuously from the first to the last cycle of loading which is calculated as 92 %. In initial 
stages of loading stiffness degraded more rapidly due to shear cracks in BCJ however in 
later load cycles degradation is more gradual as large displacements are required for the 
further propagation and damage to occur. 
 
Figure 5-19 Stiffness degradation curve of specimen SP-5 
Figure 5-20 shows the cumulative energy dissipation curve of specimen SP-5. Increase in 
total energy is observed however this increase is not proportional to the applied 
displacement due to degradation of strength associated with each loading cycle. Thus 
energy dissipation associated with post-peak loading cycles was considerably higher than 
that associated with elastic ones. 
 
 
84 
 
 
Figure 5-20 Cumulative energy dissipation curve of specimen SP-5 
5.3.3. Specimen SP-7 
Specimen SP-7 was tested under reverse loading with CAL of 1050 kN (ALR = 0.70 f’c 
Ag) having a concrete compressive strength of 30 MPa. Figure 5-21 displays the hysteresis 
response of specimen SP-7 while Figure 5-22 displays the crack pattern and development 
observed during the test. JF mode was observed in this specimen both in push and pull. 
The first diagonal crack seemed in the joint at 51 kN during push and pull corresponded to 
the eighth positive cycle at a displacement of 7.50 mm. The maximum load in the positive 
direction reached at 58.9 kN at 9.91 mm giving the shear strength of joint as 4.58 MPa 
whereas maximum load of 54.0 kN was achieved in the negative direction of loading at 
displacement of 7.81 mm which corresponded to shear strength of 4.30 MPa. 
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Figure 5-21 Hysteresis curve of specimen SP-7 
Figure 5-22 shows propagation of cracks observed throughout the test. Several hair line 
cracks appeared in the beam in initial loading cycles however the main diagonal shear 
cracks appeared at the middle of BCJ in both pull and push in eighth cycle and propagated 
almost vertically towards the column at an angle of around 85°. In ninth cycle of loading 
cracks became much wider and finally in the tenth cycle of pull joint failed completely. 
Although specimen SP-7 failed in joint shear failure mode as reinforcement of both beam 
and column had not yielded but slight crushing of concrete at the outer edge of joint was 
also observed at ultimate failure of joint. 
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Figure 5-22 Development and propagation of cracks in specimen SP-7 
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It can be noticed that pinching effect of hysteresis in this specimen is even far less as 
compared to specimen SP-4 and SP-5 which is due to the fact that very high axial load on 
this specimen prevent bond-slip failure to considerable extend and subjected the 
reinforcement to achieve higher strains. This is the reason that excessive fine cracks were 
observed in beam of specimen SP-7 as compared to the specimen SP-4 and SP-5. 
Figure 5-23 displays the load-displacement curve envelope of specimen SP-7. The 
maximum load achieved in push and pull was 58.9 kN and 54 kN respectively against 66 
kN as obtained in the monotonic counterpart of this specimen. Thus the shear strength 
obtained is 4.58 MPa and 4.30 MPa in push and pull respectively against 5.36 MPa 
obtained in specimen SP-6 with monotonic loading due to continuous stiffness degradation 
in each cycle of loading.  
 
Figure 5-23  Load-displacement envelope curves of test specimen SP-7 
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Figure 5-24 shows the stiffness degradation curve of specimen SP-7. Stiffness degraded 
continuously from the first to the last cycle of loading which is calculated as 77 %. Stiffness 
degraded rapidly due to continuous damage in BCJ due to combined effect of very high 
CAL and shear forces transferring through beam.  
 
Figure 5-24 Stiffness degradation curve of specimen SP-7 
Figure 5-25 shows the cumulative energy dissipation curve of specimen SP-7. Exponential 
increase in total energy is observed after few cycles of loading due to greater damage 
caused due to brittle behavior of this specimen caused by high axial load on the column. 
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Figure 5-25 Cumulative energy dissipation curve of specimen SP-7 
5.4. Effects of Axial Load on Performance Measures of Test Specimens. 
5.4.1. Effect on Shear Strength of BCJ 
Figure 5-26 shows the load displacement response of experimentally tested BCJs. 
Specimen SP-1, SP2, SP-3 and SP-6 were tested at ALR of 0.00, 0.19, 0.57 and 0.70 
respectively. Continuous increase in failure load is observed with rise of CAL. Increase in 
failure load is due to two main reason first the higher CAL confines the joint against shear 
failure. Secondly the high CAL prevent the bond-slip behavior to some extend which 
enables the beam longitudinal reinforcement to gain higher strains which causes more 
flexural cracks in beam but increases the joint shear capacity. Another effect of CAL 
observed is that it delayed the occurrence of first crack at the interface as depicted in Table 
5-2. 
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Figure 5-26 Load-displacement response of specimens 
Figure 5-27 shows normalized shear strength – ALR interaction curve obtained 
experimentally. 
 
Figure 5-27 Shear strength - axial stress interaction curve of specimens
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Figure 5-28 shows the load displacement response of specimen SP-2 and SP-4 which were 
subjected to monotonic and reverse cyclic loading respectively at an ALR of 0.19. The 
failure load achieved in case of SP-2 was 51 kN whereas that observed in SP-4 was 40.9 
kN and 43 kN in push and pull respectively. The corresponding shear strength achieved in 
SP-2 was 3.45 MPa while in SP-4 shear strength achieved in push and pull was 2.98 and 
3.09 which is 13.6 % and 10.4 % lower due to continuous strength degradation associated 
with each cycle of loading. 
 
Figure 5-28 Comparison of load-displacement response of specimen SP-2 and SP-4 
Load displacement response of specimen SP-3 and SP-5 is shown in Figure 5-29. The 
failure load achieved in case of SP-3 was 56.87 kN whereas that observed in SP-5 was 47.3 
kN and 50 kN in push and pull respectively. The corresponding shear strength achieved in 
SP-3 was 4.23 MPa while in SP-5 shear strength achieved in push and pull was 3.43 and 
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3.5 which is 18.9 % and 17.2 % lower due to strength degradation linked with each cycle 
of loading. 
 
Figure 5-29 Comparison of load-displacement response of specimen SP-3 and SP-5 
Figure 5-30 shows the load displacement response of specimen SP-6 and SP-7. The failure 
load achieved in case of SP-6 was 66.89 kN whereas that observed in SP-7 was 58.9 kN 
and 54 kN in push and pull respectively. The corresponding shear strength achieved in SP-
6 was 5.20 MPa while in SP-7 shear strength achieved in push and pull was 4.58 and 3.97 
which is 14.5 % and 25.9 % lower due to continuous strength degradation associated with 
each cycle of loading. 
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Figure 5-30 Comparison of load-displacement response of specimen SP-6 and SP-7 
Figure 5-31 shows normalized shear strength – ALR interaction curves of BCJs exposed 
to monotonic and reverse cyclic loading. In both the cases enhancement in shear strength 
of BCJs is observed with increase in ALR. However shear strength of joints subjected to 
reverse cyclic loading is on average 14 % less as compared to their monotonic counterparts. 
 
Figure 5-31 Normalized shear strength-ALR interaction curves 
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5.4.2. Effect on Stiffness Degradation
Figure 5-32 depicts the stiffness degradation curves of specimen SP-4, SP-5 and SP-7. 
Experimental results dictated that many factors such as shear and flexural cracking, 
reinforcement slippage and loss of cover effects the stiffness degradation of joint. As 
depicted in the Figure 5-32 specimen SP-5 has high initial stiffness as compared to the 
specimen SP-4 owing to high ALR. Although specimen SP-5 maintained its stiffness 
higher than specimen SP-4 up to the failure load corresponded to the fourteenth cycle of 
loading but rate of stiffness degradation is found to be more in SP-5. Both specimens 
showed similar stiffness degradation trend in post peak stage of loading. Specimen SP-7 
showed high initial stiffness but the rate of stiffness degradation is highest due to more 
deterioration caused by local crushing and bond damage especially after shear failure of 
joint during pull in eighth cycle of loading. Specimen SP-7 showed highly brittle behavior 
owing to very high axial load as compared to other specimens. 
 
Figure 5-32 Stiffness degradation curves of Specimen SP-4, SP-5 and SP-7 
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5.4.3. Effect on Energy Dissipation Capacity  
Figure 5-33 shows the cumulative energy dissipation curves of specimens SP-4, SP-5 and 
SP-7. It is observed that SP-4 with higher ALR that is 0.57 showed improved energy 
dissipation capacity than the specimen with lower ALR that is SP-4 with ALR of 0.19. 
Similarly, specimen SP-7 showed better energy dissipation capacity initially but after few 
cycles of loading due to very high ALR that is 0.70 specimen failed without achieving 
reasonable deformability. Improvement in energy dissipation capacity due to high axial 
load is due to confinement provided by axial load against joint shear and improved bond-
slip behavior of longitudinal reinforcement. However, the same is not true for very high 
ALR where joint experience local crushing or complete axial failure in such cases high 
ALR damage the joint in crushing and thus causes severe detrimental effects on shear 
strength as will be discussed in subsequent chapters. 
 
Figure 5-33 Energy dissipation capacity curves of specimen SP-4, SP-5 and SP-7 
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Table 5-1 tabulates the results of all experimentally tested specimens. 
Table 5-1 Experimental results summary 
Specimen   
ID 
Loading 
σN      
(f'c %) 
σN        
(MPa) 
P      
(kN) 
T        
(kN) 
Vu(col)   
(kN) 
Vj(Joint)      
(kN) 
vj(Joint) 
(MPa) 
SP-1 M 0.00 0 37 166 28 137 2.74 
SP-2 M 0.19 4 51 212 37 174 3.50 
SP-3 M 0.57 12 57 254 43 211 4.23 
SP-6 M 0.70 21 66 310 49 260 5.20 
SP-4 RC 0.19 4 41/43 182/187 31/32 152/155 2.98/3.09 
SP-5 RC 0.57 12 47/50 207/210 35/37 171/172 3.43/3.50 
SP-7 RC 0.70 21 59/54 273/255 44/40 228/215 4.58/4.30 
 
Note:  
M = Monotonic  
RC = Reverse cyclic 
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Table 5-2 tabulates the summary of cracking loads and joint failure modes of all 
experimentally tested specimens. 
Table 5-2 Summary of cracking loads and failure mode of test specimens 
Specimen   
ID 
σN        
(f'c %) 
 ICL     
(kN) 
JCL     
(kN) 
Joint 
Failure 
Mode 
SP-1 0.00 16 16 JF 
SP-2 0.19 29 29 JF 
SP-3 0.57 38 38 JF 
SP-6 0.70 45 45 JF 
SP-4 0.19 20 21 JF 
SP-5 0.57 27 36 JF 
SP-7 0.70 51 51 JF 
 
Note:  
ICL = Beam-joint interface cracking load 
JCL = Joint cracking load 
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CHAPTER 6  
NUMERICAL MODELLING OF BCJS 
6.1. Introduction 
This chapter presents the numerical modeling of BCJs. First an FE model is presented in 
which models to simulate cracking in concrete are discussed and appropriate model is 
adopted which takes in to an account the numerical computational difficulties, convergence 
and solution degradation problems associated with other concrete models. Modelling of 
concrete, reinforcing steel and their bond behavior is then discussed. Commercially 
available non-linear FE software ABAQUS is used to validate the developed FE model 
with experimental results presented in the previous chapter. Finally, calibrated finite 
element model is used to extend the research work for different concrete strengths in order 
to gain further in depth knowledge of effect of different magnitude of axial load on 
performance of BCJs. 
6.2. Finite Element Model 
FE model presented below delineates the modelling to simulate concrete followed by 
modelling of reinforcing steel and its bond behavior with concrete. Dynamic explicit 
approach is adopted to overcome convergence problems associated with cracking of 
concrete.  
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6.2.1. Models to Simulate Damage in Concrete 
To simulate quasi-brittle nature of reinforced concrete various conceptual models are 
available in literature which includes discrete crack model, smeared crack model, inner 
softening band. Numerical modelling of concrete cracking is mostly carried out using 
discrete crack model and smeared crack model like by Chen GM [39]. In discrete crack 
model, opening which arises due to cracks are physically modelled and taken as a 
geometrical identity. Since cracks are defined along the surfaces of the elements, it creates 
mesh bias. A lot of researches attempts to resolve this issue by developing finite element 
codes capable of generating remeshing like Yang ZJ [40]–[42] but the computational 
difficulties associated with remeshing is still a great challenge as found by De Borst et al. 
[32]. While in the case of smeared crack model phenomenon known as “strain localization” 
leads to zero energy utilization during crack opening when element size approaches zero, 
this results in a non-mesh objective case that causes solution not to converge or to degrade. 
In this research, damage plasticity model has been utilized for concrete which is a 
constitutive model available in non-linear finite element software ABAQUS. In damage 
plasticity model, compression and tension are two hardening variables that control 
development of yield surface. A continuum damage mechanics is used to model the 
damage by stiffness degradation approach which essentially means that elasticity is 
degraded in the concrete where it cracks. 
6.2.2. Modelling of Concrete 
To model a concrete material in ABAQUS “concrete damaged plasticity” is used which 
requires the following material functions: 
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1.  Uniaxial stress-strain relation of concrete under compressive and tensile loading. 
2. Damage parameters ݀ܿ and ݀ݐ for compressive and tensile load respectively. 
Model Code of fib for Concrete Structures [43] has been adopted as this model has 
advanced  parameters to control ascending as well as post-peak behavior of stress-strain 
curve for concrete. The compressive stress-strain relationship is as follow: 
ఙ೎
௙೎೘
= − ቀ ௞ .  ఎିఎ
మ
ଵା(௞ିଶ) .ఎ ቁ                                        (6.1)  
where: 
ߟ = ∈௖/∈௖ଵ ;                                                (6.2) 
݇ =  ܧ௖௜/ܧ௖ଵ ;                                               (6.3) 
௖݂௠ is the concrete compressive strength;  ∈௖ is the concrete compressive strain; ∈௖ଵ is the 
strain at maximum compressive stress; ܧ௖௜ is the modulus of elasticity at 28 days; ܧ௖ଵ is 
the secant modulus and ݇ is the plasticity number 
Figure 6-1 shows the stress-strain relationship with related parameters. 
 
Figure 6-1 Compressive stress-strain relationship for concrete modelling [43] 
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Following bilinear stress strain relationship is used for tensile behavior of concrete: 
ߪ௖௧ = ܧ௖௜  ∈௖௧   ݂݋ݎ ߪ௖௧ ≤ 0.9 ௖݂௧௠                                  (6.4)  
ఙ೎೟
௙೎೟೘
= ቀ1 − 0.1 ଴.଴଴଴ଵହି∈೎೟଴.଴଴଴ଵହି଴.ଽ ௙೎೟೘/ா೎೔ቁ  ݂݋ݎ 0.9 ௖݂௧௠ ≤ ߪ௖௧ ≤  ௖݂௧௠               (6.5) 
where ∈௖௧ is the tensile strain; ߪ௖௧ is the tensile strain and ௖݂௧௠ is the tensile strength 
Figure 6-2 shows the tensile stress-strain relationship with related parameters. 
 
Figure 6-2 Stress-strain and stress-crack opening relation for concrete in tension [43] 
Concrete compression damage parameters that is used in model are given as [44]: 
݀௖ = 1 −
ఙ೎ா೎షభ
ఢ೎
೛೗ቀ భ್೎ିଵቁାఙ೎ா೎
షభ                                       (6.6) 
where: 
 ݀௖ = Concrete tension damage parameter; ߪ௖ = Compressive Stress; ܧ௖ = Modulus of 
elasticity of concrete; ߳௖௣௟ = Plastic strain corresponding to compressive strength; ܾ௖ = 
Constant ranges 0 < ܾ௖ < 1 
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Figure 6-3 shows the physical interpretation of compression damage parameter in defining 
stiffness after damage in non-linear part of stress-strain curve of concrete in uniaxial 
compression. 
 
Figure 6-3 Damage parameter for uniaxial compression [45] 
Whereas concrete tension damage parameter that is used in model is given as [44]: 
݀௧ = 1 −
ఙ೟ா೎షభ
ఢ೟
೛೗൬ భ್೟ିଵ൰ାఙ೟ா೎
షభ                                       (6.7) 
where: 
 ݀௧ = Concrete tension damage parameter; ߪ௧ = Tensile Stress; ܧ௖ = Modulus of elasticity 
of concrete; ߳௧
௣௟ = Plastic strain corresponding to tensile strength; ܾ௧ = Constant ranges 0 
< ܾ௧ < 1 
Figure 6-4 shows the physical interpretation of tension damage parameter in defining 
stiffness after damage in softening part of stress-strain curve of concrete in uniaxial tension. 
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Figure 6-4 Damage parameter for uniaxial tension [45] 
The concrete parameters used in the plastic damage model are shown in the Table 6-1. 
Table 6-1 Concrete parameters used in the plastic damage model 
Concrete 
Strength 
(MPa) 
Mass 
Density 
(tonne/mm3) 
E 
(MPa) 
Poisson’s 
Ratio 
Dilation 
Angle ψ 
(Degrees) 
Eccentricity 
ϵ 
fbo/fco ࢈ࢉ/࢈࢚ 
Varies 2.4E-009 Varies 0.19/0.20 36 0.1 1.16 0.7/0.85 
 
6.2.3. Modelling of Reinforcing Steel and its Bond with Concrete 
Reinforcing steel has been modelled using truss element in ABAQUS. The stress-strain 
curve adopted for steel is shown in Figure 4-17 and Figure 4-18. The other parameters used 
to define reinforcing steel is shown in Table 6-2. 
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Table 6-2 Parameters used to define reinforcing steel 
Elastic Modulus (MPa) 193600 / 195161 
Poisson’s ratio 0.3 
Mass Density (tonne/mm3) 7.85E-009 
Yield Stress (MPa) 580/605 
Steel reinforcement is bonded with concrete as an embedded element in ABAQUS. 
Embedment technique successfully used by many researchers is a very powerful finite 
element tool which allows number of elements to be embedded inside another element 
known as host element. One of the significant utilization of embedment technique is that 
modelling of interaction surface between the embedded and the host element is not required 
which eradicates numerically costly iterations linked with surface formulations. 
6.3. Validation of FE Model 
The proposed FE model described above has been validated with experimental results 
presented in chapter 5. A comparison of experimental results and finite element model 
prediction is presented next to validate the competency of FEM to envisage the failure load, 
mode of failure and overall behavior of BCJs. 
6.3.1. Specimen SP-1 
Load displacement response predicted by FEM for specimen SP-1 is shown in Figure 6-5 
along with experimentally obtained curve. Maximum load at beam predicted by FEM is 
36.11 kN at displacement of 18.34 mm against experimental value of 37.55 kN at 
displacement of 19.44 mm. Overall FEM prediction of load displacement response is in 
perfect match with that of experiment. 
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Figure 6-5 Load vs. displacement response of specimen SP-1 
The predicted failure mode of specimen SP-1 is joint failure mode as expected from the 
results of experiment. The crack pattern of the experiment and FE prediction is also well 
matched as shown in Figure 6-6. 
 
Figure 6-6 FEM and experimental crack pattern of specimen SP-1 
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Figure 6-7 shows the steel stresses at failure load of specimen SP-1. The maximum stress 
obtained is 145 MPa which is far less than the yield stress of reinforcement. 
 
Figure 6-7 Steel stresses at failure load of specimen SP-1 
Figure 6-8 shows the steel strains at failure load of specimen SP-1. The average maximum 
strain in beam’s top longitudinal bars is obtained as 0.000687 mm/mm which is in good 
agreement with the experimental value of 0.00066 mm/mm. The shear stress calculated 
with FEM results is 2.77 MPa against 2.74 MPa as obtained experimentally. 
 
Figure 6-8 Steel strains at failure load of specimen SP-1 
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6.3.2.  Specimen SP-2 
Figure 6-9 displays the load-displacement response of specimen SP-2 obtained 
experimentally and as predicted by FEM. Failure load predicted by FEM is 50.13 kN 
corresponding to displacement of 16.75 mm against experimental value of 50.08 kN at 
19.48 mm. In general, the load displacement curve predicted by FEM is in good agreement 
with that of experiment. 
 
Figure 6-9 Load vs. displacement response of specimen SP-2 
The predicted failure mode of SP-2 is joint failure mode as expected from the experimental 
results. The crack pattern of the experiment and FE prediction is also well matched as 
shown in Figure 6-10. 
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Figure 6-10 FEM and experimental crack pattern of specimen SP-2 
Figure 6-11 shows the steel stresses at failure load of specimen SP-2. The maximum stress 
obtained in beam longitudinal reinforcement is 186 MPa which is much less than the yield 
stress of reinforcement. 
 
Figure 6-11  Steel stresses at failure load of specimen SP-2 
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Figure 6-12 shows the steel strains at failure load of specimen SP-2. The average maximum 
strain in beam’s top bars is obtained as 0.00096 mm/mm against experimental value of 
0.00088 mm/mm. The shear stress calculated with FEM results is 3.71 MPa against 3.45 
MPa as obtained experimentally. 
 
Figure 6-12 Steel strains at failure load of specimen SP-2 
6.3.3. Specimen SP-3 
Figure 6-13 shows the load-displacement response of SP-3 obtained experimentally and as 
predicted by FEM. Failure load predicted by FEM is 58.78 kN at 18.23 mm against 
experimental value of 56.87 kN at a displacement of 17.86 mm. In general, the load 
displacement curve predicted by FEM is in good agreement with that of experiment. 
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Figure 6-13 Load vs. displacement response of specimen SP-3 
The predicted failure mode of specimen SP-3 is joint failure mode as expected from the 
experimental results. The crack pattern of the experiment and FE prediction is shown in 
Figure 6-14 where cracks are at more inclination than the previous two case. 
 
Figure 6-14 FEM and experimental crack pattern of specimen SP-3 
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Figure 6-15 shows the steel stresses at failure load of specimen SP-3. The maximum stress 
obtained in beam longitudinal reinforcement is 249 MPa which is less than yield stress. 
 
Figure 6-15 Steel stresses at failure load of specimen SP-3 
Figure 6-16 shows the steel strains at failure load of specimen SP-3. The average maximum 
strain in beam’s top bars is obtained as 0.00106 mm/mm against experimental value of 
0.00098 mm/mm. The shear stress calculated with FEM results is 4.43 MPa against 4.23 
MPa as obtained experimentally. 
 
Figure 6-16 Steel strains at failure load of specimen SP-3 
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6.3.4. Specimen SP-6 
Figure 6-17 shows the load-displacement response of specimen SP-4 obtained 
experimentally and as predicted by FEM. Failure load predicted by FEM is 68.66 kN at 
5.81 mm against experimental value of 66.94 kN at a displacement of 6.98 mm. In general, 
the load displacement curve predicted by FEM is in close agreement with that of 
experiment. 
 
Figure 6-17  Load vs. displacement response of specimen SP-6 
The predicted failure mode of specimen SP-6 is joint failure mode as expected from the 
experimental results. The crack pattern of the experiment and FE prediction is shown in 
Figure 6-18 where cracks are almost vertical. 
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Figure 6-18 FEM and experimental crack pattern of specimen SP-6 
Figure 6-19 shows the steel stresses at failure load of specimen SP-6. The maximum stress 
obtained in beam longitudinal reinforcement is 251 MPa which is again less than the yield 
stress of reinforcement. 
 
Figure 6-19 Steel stresses at failure load of specimen SP-6 
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Figure 6-20 shows the steel strains at failure load of specimen SP-6. The average maximum 
strain in beam’s top longitudinal bars is obtained as 0.00127 mm/mm which is in close 
match with the experimental value of 0.00119 mm/mm. The shear stress calculated with 
FEM results is 5.36 MPa against 5.06 MPa as obtained experimentally. 
 
Figure 6-20 Steel strains at failure load of specimen SP-6 
6.4. Extension of Research Using Finite Element Modelling 
Based on validation of finite element model using experimental results as discussed in the 
previous section, calibrated FE model is used to extend the research work for different 
concrete strengths in order to gain further in depth knowledge of the effect of different 
magnitude of axial load on performance of BCJs. Table 6-3 shows the layout of finite 
element models. 
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Table 6-3 Layout of finite element models 
 
Note: 
1)  Axial load ratio (ALR) =  ே஺೒௙ᇲ೎ 
2) ݂ᇱ௖ = Concrete compressive strength (MPa) 
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6.4.1. Group M-21 
Figure 6-21 shows the load-displacement response of group M-21. The first three models 
that are M-21-00, M-21-19 and M-21-57 has been validated with experimental results as 
presented in the previous section. Calibrated model is then used to develop M-21-80 to 
understand the behavior of BCJ at very high axial load. Failure load increased with rise of 
ALR to 0.57 however, with further increase in an axial load on column the failure load 
decreased from 59 kN as in case of ALR of 0.57 to 42 kN at ALR of 0.80 with reduced 
ductility. Model M-21-AC is done primarily to see the ultimate axial capacity of the joint 
which is achieved at ALR of 1.10. Thus the shear strength of joint increased from 2.77 
MPa to 4.43 MPa at ALR from 0.00 to 0.57 and then decreased to 4.09 MPa at ALR of 
0.80. Finally, the pure axial failure of joint occurred at ALR of 1.10. 
 
Figure 6-21 Load displacement response of group M-21 
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In Figure 6-22 it can be observed that when no CAL as in case of M-21-00 the main 
diagonal shear crack appeared in the joint is inclined at 45° with very few flexural cracks 
in the beam, However, with increase in axial load as depicted in M-21-19 and M-21-57 at 
ALR of 0.19 and 0.57 respectively the inclination of crack increased with excessive 
flexural cracks in the beam. 
 
Figure 6-22 Crack pattern at failure load of group M-21 
 
Failure mechanism observed up to an ALR of 0.57 is joint failure mode as no yielding of 
reinforcement either in column or beam is observed. M-21-80 at ALR of 0.80 although 
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failed primarily in joint failure mode but local crushing is also observed at outer face of 
joint where joint experienced a strain of 0.0147 mm/mm. However, the average axial strain 
in the joint is 0.0022 mm/mm which is lower than a threshold limit of 0.0040 mm/mm. 
Joint in M-21-AC failed in pure axial failure with maximum strain of 0.0059 mm/mm. 
Table 6-4 shows the finite element results of group M-21 models whereas Figure 6-23 
shows the interaction curve between the shear strength and axial stress on the column. 
Table 6-4 Summary of FEM results – group M-21 
Model    
ID 
σN      
(f'c %) 
σN        
(MPa) 
P       
(kN) 
T       
(kN) 
Vu(col)     
(kN) 
Vj(Joint)     
(kN) 
vj(Joint) 
(MPa) 
Joint 
Failure 
Mode 
M-21-00 0.00 0 36 166 27 139 2.77 JF 
M-21-19 0.19 4 50 223 38 186 3.71 JF 
M-21-57 0.57 12 59 266 44 222 4.43 JF 
M-21-80 0.80 17 42 236 32 205 4.09 JF 
M-21-AC 1.10 23 - - - 0 0 JAF 
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Figure 6-23 Shear strength - axial stress interaction curve of group M-21 
 
6.4.2. Group M-30 
Figure 6-24 shows the load-displacement response of group M-30. In this case the failure 
load at ALR of 0.00 is achieved at 54 kN corresponding to shear strength value of 3.40 
MPa. Continuous increase in failure load and corresponding shear strength is observed as 
ALR is increased from 0.00 to 0.70. The maximum shear strength of joint achieved is 5.36 
MPa at ALR of 0.70. With further increase in ALR the failure load decreased gradually to 
a minimum level of 45 kN corresponding to shear strength of 2.28 MPa as in case of M-
30-100. The ultimate axial capacity of joint is found to be 1650 kN as in case of M-30-AC 
corresponding to ALR of 1.10. It is also evident from Figure 6-24 that with increase in 
ALR from 0.00 to 0.70 ductility reduced gradually whereas beyond ALR of 0.70 it 
decreased drastically. 
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Figure 6-24 Load displacement response of group M-30 
Figure 6-25 and Figure 6-26 shows the crack pattern at failure load of group M-30. It can 
be observed that cracks at low ALR are inclined at 45° but with increase in ALR inclination 
is increased until the joint failed absolutely in an axial failure mode. 
Failure mechanism observed up to an ALR of 0.70 is joint failure mode as no yielding of 
reinforcement either in column or beam is observed. M-30-80 at ALR of 0.80 failed in 
axial failure mode where average joint strain reached at 0.0054 mm/mm which is above a 
threshold limit of 0.0040 mm/mm. M-30-90, M-30-100 and M-30-AC also failed in joint 
axial failure mode where joint strain reached at 0.00685 mm/mm, 0.00691 mm/mm and 
0.00689 mm/mm respectively. Also yielding of one column longitudinal bar at outer face 
of joint is also observed in cases where joint failed in axial failure mode. 
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Figure 6-25 Crack pattern at failure load of group M-30 
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Figure 6-26 (Continued) Crack pattern at failure load of group M-30 
Table 6-5 summarize the finite element results of group M-30 whereas Figure 6-27 shows 
the interaction curve between the shear strength and axial stress on the column. 
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Table 6-5 Summary of FEM results – group M-30 
Model    
ID 
σN      
(f'c %) 
σN        
(MPa) 
P       
(kN) 
T       
(kN) 
Vu(col)    
(kN) 
Vj(Joint)    
(kN) 
vj(Joint) 
(MPa) 
Joint 
Failure 
Mode 
M-30-00 0.00 0 54 210 40 170 3.40 JF 
M-30-10 0.10 3 54 239 41 198 3.97 JF 
M-30-20 0.20 6 59 273 44 229 4.58 JF 
M-30-30 0.30 9 60 283 45 238 4.76 JF 
M-30-40 0.40 12 63 297 47 250 5.00 JF 
M-30-50 0.50 15 67 309 50 259 5.18 JF 
M-30-60 0.60 18 68 318 51 268 5.35 JF 
M-30-70 0.70 21 69 320 51 268 5.36 JF 
M-30-80 0.80 24 64 284 48 236 4.72 JAF 
M-30-90 0.90 27 53 215 40 176 3.52 JAF 
M-30-100 1.00 30 45 148 34 114 2.28 JAF 
M-30-AC 1.10 33 - - - 0 0 JAF 
 
 
Figure 6-27 Shear strength - axial stress interaction curve of group M-30 
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6.4.3. Group M-36 
Figure 6-28 shows the load-displacement response of group M-36. In this case the failure 
load at ALR of 0.00 is achieved at 57 kN corresponding to shear strength value of 4.12 
MPa. Continuous increase in failure load and corresponding shear strength is observed as 
ALR is increased from 0.00 to 0.70. The maximum shear strength of joint achieved is 6.08 
MPa at ALR of 0.70. With further increase in ALR the failure load decreased gradually to 
a minimum level of 24 kN corresponding to shear strength of 1.16 MPa as in case of M-
36-110. The ultimate axial capacity of joint is found to be 2050 kN as in case of M-36-AC 
corresponding to ALR of 1.13. Gradual reduction in ductility is observed with increase in 
ALR for 0.00 to 0.70 as evident from the Figure 6-28 whereas ductility reduced drastically 
beyond the ALR of 0.70. The effect of CAL on ductility is somewhat more prominent than 
the previous cases. 
 
Figure 6-28 Load displacement response of group M-36 
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Figure 6-29 and Figure 6-30 displays the crack pattern at failure load of M-36. It can be 
observed that inclination of diagonal cracks is increased with increase in ALR until the 
axial failure of joint. 
 
Figure 6-29 Crack pattern at failure load of group M-36 
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Figure 6-30 (Continued) Crack pattern at failure load of group M-36 
Failure mechanism observed up to an ALR of 0.70 is joint failure mode as no yielding of 
reinforcement either in column or beam is observed. M-36-80 at ALR of 0.80 failed first 
in axial failure mode where average joint strain reached at 0.00661 mm/mm which is above 
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a threshold limit of 0.0040 mm/mm yielding of middle column bar at outer face of joint is 
also observed. M-36-90, M-36-100. M-36-110 and M-36-AC also failed in joint axial 
failure mode where joint axial strain reached at 0.00673 mm/mm, 0.00742 mm/mm, 
0.00685 mm/mm and 0.00681 mm/mm respectively. Table 6-6 summarize the finite 
element results of group M-36 whereas Figure 6-31 shows the interaction curve between 
the shear strength and axial stress on the column. 
Table 6-6 Summary of FEM results – group M-36 
Model    
ID 
σN      
(f'c %) 
σN        
(MPa) 
P       
(kN) 
T       
(kN) 
Vu(col)    
(kN) 
Vj(Joint)     
(kN) 
vj(Joint) 
(MPa) 
Joint 
Failure 
Mode 
M-36-00 0.00 0 57 249 43 206 4.12 JF 
M-36-10 0.10 4 61 287 46 242 4.83 JF 
M-36-20 0.20 7 66 312 49 262 5.25 JF 
M-36-30 0.30 11 68 329 51 278 5.56 JF 
M-36-40 0.40 14 75 345 56 289 5.77 JF 
M-36-50 0.50 18 76 353 57 295 5.91 JF 
M-36-60 0.60 22 77 359 58 302 6.03 JF 
M-36-70 0.70 25 80 364 60 304 6.08 JF 
M-36-80 0.80 29 76 346 57 288 5.77 JAF 
M-36-90 0.90 32 73 312 55 258 5.15 JAF 
M-36-100 1.00 36 68 212 51 161 3.21 JAF 
M-36-110 1.10 40 24 76 18 58 1.16 JAF 
M-36-AC 1.13 41 - - - 0 0 JAF 
 
128 
 
 
Figure 6-31 Shear strength - axial stress interaction curve of group M-36 
6.4.4. Group M-50 
Figure 6-32 shows the load-displacement response of group M-50. In this case the failure 
load at ALR of 0.00 is achieved at 70 kN corresponding to shear strength value of 5.25 
MPa. The maximum shear strength of joint achieved is 7.75 MPa at ALR of 0.60 and 0.70. 
With further increase in ALR the failure load decreased gradually to a minimum level of 
58 kN corresponding to shear strength of 2.45 MPa as in case of M-50-100. The ultimate 
axial capacity of joint is found to be 2700 kN as in case of M-50-AC corresponding to ALR 
of 1.08. Gradual reduction in ductility is observed with increase in ALR for 0.00 to 0.50 as 
obvious from the Figure 6-32 whereas ductility reduced drastically beyond the ALR of 
0.50. The effect of CAL on ductility is more prominent than the previous cases owing to 
higher strength of concrete. 
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Figure 6-32 Load displacement response of group M-50 
Figure 6-33 and Figure 6-34 shows the crack pattern at failure load of group M-50. Increase 
in inclination of cracks is observed with increase in ALR until axial failure of joint as 
observed in previous cases. 
Failure mechanism observed up to an ALR of 0.60 is joint failure mode as no yielding of 
reinforcement either in column or beam is observed with axial strains below the threshold 
value.  Joint axial failure mode is first observed in M-50-70 at ALR of 0.70 where average 
joint strain reached at 0.00440 mm/mm which is slightly above a threshold limit of 0.00400 
mm/mm. Rest of the models with ALR greater than 0.70 experienced joint axial failure 
owing to axial strain greater than threshold value along with yielding of middle column bar 
at outer face of the joint. 
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Figure 6-33 Crack pattern at failure load of group M-50 
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Figure 6-34 (Continued) Crack pattern at failure load of group M-50 
Table 6-7 summarize the finite element results of group M-50 whereas Figure 6-35 shows 
the interaction curve between the shear strength and axial stress on the column. 
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Table 6-7 Summary of FEM results – group M-50 
Model    
ID 
σN
(f'c %) 
σN        
(MPa) 
P        
(kN) 
T       
(kN) 
Vu(col)     
(kN) 
Vj(Joint)     
(kN) 
vj(Joint) 
(MPa) 
Joint 
Failure 
Mode 
M-50-00 0.00 0 70 314 52 262 5.24 JF 
M-50-10 0.10 5 77 352 58 295 5.89 JF 
M-50-20 0.20 10 82 398 62 336 6.73 JF 
M-50-30 0.30 15 90 419 68 351 7.02 JF 
M-50-40 0.40 20 93 439 70 370 7.40 JF 
M-50-50 0.50 25 98 449 73 376 7.53 JF 
M-50-60 0.60 30 101 463 76 387 7.75 JF 
M-50-70 0.70 35 101 463 75 388 7.75 JAF 
M-50-80 0.80 40 77 371 58 313 6.26 JAF 
M-50-90 0.90 45 70 273 52 221 4.42 JAF 
M-50-100 1.00 50 58 166 44 122 2.45 JAF 
M-50-AC 1.08 54 - - - 0 0 JAF 
 
 
Figure 6-35 Shear strength - axial stress interaction curve of group M-50 
133 
 
6.4.5. Group M-65 
Figure 6-36 shows the load-displacement response of group M-65. In this case the failure 
load at ALR of 0.00 is achieved at 82 kN corresponding to shear strength value of 6.31 
MPa. The maximum shear strength of joint achieved is 9.12 MPa at ALR of 0.60. With 
further increase in ALR the failure load decreased gradually to a minimum level of 79 kN 
corresponding to shear strength of 5.86 MPa as in case of M-65-90. The ultimate axial 
capacity of joint is found to be 3400 kN as in case of M-65-AC corresponding to ALR of 
1.05. Gradual reduction in ductility is observed with increase in ALR for 0.00 to 0.50 as 
obvious from the Figure 6-36 whereas ductility reduced drastically beyond the ALR of 
0.50. The effect of CAL on ductility is even more prominent than the previous case. 
 
Figure 6-36 Load displacement response of group M-65 
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Figure 6-37and Figure 6-38 shows the crack pattern at failure load of group M-65. Increase 
in inclination of cracks is observed with increase in ALR until axial failure of joint as 
observed in previous cases. 
 
Figure 6-37 Crack pattern at failure load of group M-65 
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Figure 6-38 (Continued) Crack pattern at failure load of group M-65 
Failure mechanism observed up to an ALR of 0.60 is joint failure mode as no yielding of 
reinforcement either in column or beam is observed with axial strains below the threshold 
value.  Joint axial failure mode is first observed in M-65-70 at ALR of 0.70 where average 
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joint strain reached at 0.00732 mm/mm which is slightly above a threshold limit of 0.00400 
mm/mm. Models with ALR greater than 0.70 experienced joint axial failure owing to axial 
strain greater than threshold value along with yielding of middle column bar at outer face 
of the joint. 
Table 6-8 summarize the finite element results of group M-65 whereas Figure 6-39 shows 
the interaction curve between the shear strength and axial stress on the column. 
Table 6-8 Summary of FEM results – group M-65 
Model    
ID 
σN      
(f'c %) 
σN          
(MPa) 
P        
(kN) 
T        
(kN) 
Vu(col)     
(kN) 
Vj(Joint)     
(kN) 
vj(Joint) 
(MPa) 
Joint 
Failure 
Mode 
M-65-00 0.00 0 82 377 62 316 6.31 JF 
M-65-10 0.10 7 94 440 70 370 7.39 JF 
M-65-20 0.20 13 104 483 78 406 8.11 JF 
M-65-30 0.30 20 110 506 82 423 8.46 JF 
M-65-40 0.40 26 117 519 88 431 8.62 JF 
M-65-50 0.50 33 120 535 90 445 8.90 JF 
M-65-60 0.60 39 124 549 93 456 9.12 JF 
M-65-70 0.70 46 128 549 96 453 9.06 JAF 
M-65-80 0.80 52 110 449 82 367 7.34 JAF 
M-65-90 0.90 59 79 352 59 293 5.86 JAF 
M-65-AC 1.05 68 - - - 0 0 JAF 
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Figure 6-39 Shear strength - axial stress interaction curve of group M-65 
6.5. Summary of Effect of Axial Load on Shear Strength of BCJ 
BCJs with five different concrete strengths have been examined for the consequence of 
CAL on shear strength. Almost similar trend is noticed in all the groups where shear 
strength increases up to ALR of 0.60 to 0.70 due to confinement provided by axial load to 
BCJ against shear and bond slip failure. At ALR of 0.60-0.70 small crushing in joint is 
observed at failure load but primarily joint failed in joint failure mode up to this ALR level 
as no reinforcement yielding is observed either in beam or in column. However, above 
ALR of 0.60-0.70 decrease in shear strength is observed in all the groups where joint failed 
in shear followed by axial failure mode because of exceeding the threshold limit of joint 
axial strain that is 0.00400 mm/mm along with crushing of concrete in BCJ. In all the cases 
decrease in ductility is observed with increase in axial load on the column. Figure 6-40 
summarizes the shear strength- axial stress relation of all the groups discussed above. 
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Figure 6-40 Shear strength - axial stress interaction curves 
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CHAPTER 7  
SHEAR STRENGTH EQUATION FOR BCJS 
7.1. Introduction 
Several empirical and analytical shear strength equations are available to estimate the shear 
strength of BCJs. However, in most of researches variation of ALR is not more than 
approximately 0.15 and maximum axial load considered and well documented in form of 
shear strength equation is 0.42 f’c Ag. In this chapter a new equation is proposed to predict 
shear strength of BCJs incorporating effect of axial load over a complete range of ALR. 
Apart from axial load proposed equation takes in to an account an effect of other important 
parameters like aspect ratio of BCJ and beam reinforcement ratio. Proposed equation is 
then validated with previous published experimental results and showed good agreement.  
7.2. Development of Shear Strength Equation 
Figure 7-1 shows the comparison of mechanistic model prediction for shear strength of 
BCJs with results obtained from experiment and FE modelling. It can be noticed that 
mechanistic model reasonably predicts the overall trend of shear strength over complete 
range of ALR. However due to contribution of beam reinforcement in arresting shear crack 
development in the joint actual shear strength values are found to be higher over entire 
range of ALR. Also after a certain percentage of axial load unconfined joints become 
experiences mixed state of failure that is shear failure and local crushing so called axial 
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failure, mechanistic model gives the maximum shear strength due to increase in ALR at 
around 0.45 to 0.50 however in practice presence of column reinforcement increases the 
axial capacity of joint which delays this type of failure. This is the reason that difference 
in actual shear strength values and that predicted by mechanistic model is more pronounced 
in range of 0.50 to 0.70 
 
 
 
Figure 7-1 Comparison of mechanistic model with FEM and experimental results 
141 
 
Therefore, due practical consideration interactions between axial stress on column and 
corresponding shear strength of BCJs obtained from experimental and FE modelling is 
used to develop shear strength equations. Effects of CAL, concrete strength, aspect ratio 
and beam reinforcement are evaluated independently. The basic steps involved in 
development of shear strength equation are as follow: 
7.2.1. Effect of Axial Load and Concrete Compressive Strength 
BCJs with five different concrete strengths have been evaluated for the consequence of 
CAL on shear strength. Almost similar trend is detected in all the groups. Increasing axial 
load on column from 0.00 f’c Ag to 0.60 f’c Ag enhances the shear strength of BCJ up to 
42 %. However, above ALR of 0.60-0.70 decrease in shear strength is observed in all the 
groups where joint failed in shear followed by axial failure mode because of exceeding the 
threshold limit of joint axial strain that is 0.00400 mm/mm along with crushing of concrete 
in the joint. The interaction between shear strength of joint and axial load on column for 
various concrete strengths are shown in Figure 7-2. 
 
Figure 7-2 Relation between axial stress and shear strength of BCJs 
142 
 
7.2.2. Effect of Beam Reinforcement Ratio 
It is evident from the experiment that beam reinforcement in the joint region enhances its 
shear capacity as it arrests the development of shear cracks. To evaluate the possible effect 
of different beam reinforcement ratio experimental test results of Hakuto [3], Ghobarah 
and Said [15], Clyde et al. [16] and Pantelides et al. [20] are investigated. Only those 
experimental tests are considered in which aspect ratio and CAL was almost similar to 
reduce the interaction of these parameters. Experimental shear strength was then 
normalized with ඥ݂′௖ and plotted against respective beam reinforcement ratio as displayed 
in Figure 7-3. The following relation between beam reinforcement ratio ߩ௕ and shear 
strength is derived from the trend: 
௩ೕ
ඥ௙ᇱ೎
= 0.7675 ߩ௕଴.ଶ଺ଵ                                          (7.1) 
 
Figure 7-3 Effect of beam reinforcement ratio on shear strength of BCJs 
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7.2.3. Effect of BCJ Aspect Ratio 
To evaluate an effect of aspect ratio on shear strength of BCJ experimental results of  Wong 
[18], Antonopoulos and Triantafillou [19], Pantelides [20] are investigated to cover a range 
of aspect ratio from 1 to 2. Those experimental results are only considered in which axial 
load ratio was almost similar. Shear strength was then normalized with ඥ݂′௖  and effect of 
beam longitudinal reinforcement that is ߩ௕଴.ଶ଺ଵ Normalized shear strength is then plotted 
against respective values of aspect ratio as displayed in Figure 7-4. The following relation 
between aspect ratio of BCJ (hb /hc) and shear strength is derived from the trend: 
௩ೕ
ඥ௙ᇱ೎  ఘ್బ.మలభ 
= 0.7543 ቀ௛್௛೎ቁ
ି଴.ଶ଻ଽ
                                   (7.2) 
     
Figure 7-4 Effect of aspect ratio on shear strength of BCJs 
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7.2.4. Proposed Shear Strength Equation for BCJs 
Effect of all the parameters effecting shear strength of unconfined joints with joint failure 
mode that are axial load on column, concrete strength, beam reinforcement ratio and BCJ 
aspect ratio are lumped in to following Equation [7.3]. 
௡ܸ = 0.58 ඥ݂′௖  ൬ߙ + ߚ
ே
஺೒
൰
ఊ
ቀ ஺ೞ್௕್ ௗቁ
଴.ଶ଺ଵ
ቀ௛್௛೎ቁ
ି଴.ଶ଻ଽ
ቀ௕್ା௕೎ଶ ቁ ℎ௖               (7.3) 
where ௖ܸ is the shear strength of joint without stirrups in newton (N); ߙ, ߚ and ߛ are shear 
co-efficient tabulated in Table 7-1 for various ranges of ALR. ܰ is the CAL (N); ܣ௚ is the 
cross-sectional area of column at the joint (mm2); ܣ௦௕ is area of beam reinforcement (mm2); 
ܾ௕, ݀ and ℎ௕ are the width, depth and section depth of the beam respectively (mm); ܾ௖ and 
 ℎ௖ are the column section width and depth respectively (mm). ݂′௖ is the concrete cylinder 
strength of concrete (MPa). 
Table 7-1 Values of joint shear co-efficient 
Axial Load Ratio   
ே
஺೒௙ᇲ೎
 
Shear co-efficient 
ߙ ߚ ߛ 
0.00 < ALR ≤ 0.50 351 100 0.21 
0.50 < ALR ≤ 0.70 4 0.03 1 
0.70 < ALR ≤ 0.90 425 -5 0.25 
 
7.3. Validation of shear strength equation 
Database utilized to validate proposed shear strength equation is based on experimental 
results available in literature. In these experiments BCJs were unconfined, longitudinal 
reinforcement has standard 90° hook and failure mechanism is joint failure mode. The 
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maximum ALR considered in data base is 0.25 due to unavailability of test results for 
unconfined joints with joint shear failure mode above this range also the maximum 
concrete compressive strength considered is 46.2 MPa. Table 7-2 tabulates the validation 
of proposed shear strength equation. 
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Table 7-2 Validation of proposed shear strength equation 
Researchers Specimens 
Joint 
Type 
Joint 
aspect 
ratio 
f’c 
MPa 
Beam 
Axial 
load ratio 
(ALR) 
VTest 
(MPa) ρbb 
(%) 
ρtb 
 (%) 
fyb 
MPa 
Hakuto [3] 
06 Exterior 1.1 31 0.66 1 308 0 3.75 
07 Exterior 1.1 31 0.66 1 308 0 4.05 
Clyde et al. 
[16] 
SP 2 Exterior 0.89 46.2 2.45 2.45 454 0.10 6.26 
SP 6 Exterior 0.89 40.9 2.45 2.45 454 0.10 6.26 
SP 4 Exterior 0.89 37.0 2.45 2.45 454 0.25 7.07 
SP 5 Exterior 0.89 40.1 2.45 2.45 454 0.25 6.83 
Pantelides 
et al. [20] 
SP 1 Exterior 1.00 33.0 1.90 1.90 459 0.10 5.39 
SP 2 Exterior 1.00 33.0 1.90 1.90 459 0.25 5.24 
SP 3 Exterior 1.00 34.0 1.90 1.90 459 0.10 5.08 
SP 4 Exterior 1.00 34.0 1.90 1.90 459 0.25 5.66 
SP 5 Exterior 1.00 31.6 1.90 1.90 459 0.10 5.46 
SP 6 Exterior 1.00 31.6 1.90 1.90 459 0.25 5.46 
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Researchers Specimens 
Joint 
Type 
Joint 
aspect 
ratio 
f’c 
MPa 
Beam Axial 
load ratio 
(ALR) 
VTest 
(MPa) ρbb 
(%) 
ρtb 
 (%) 
fyb 
MPa 
Wong [18] 
BS-L Exterior 1.50 30.8 0.94 0.94 520 0.15 4.05 
BS-U Exterior 1.50 30.9 0.94 0.94 520 0.15 4.06 
BS-LL Exterior 1.50 42.1 0.94 0.94 520 0.15 5.39 
BS-L-LS Exterior 1.50 31.6 0.94 0.94 520 0.15 5.06 
BS-V2T10 Exterior 1.50 32.6 0.94 0.94 520 0.15 3.19 
BS-V4T10 Exterior 1.50 28.3 0.94 0.94 520 0.15 4.76 
BS-L600 Exterior 2.00 36.4 0.68 0.68 520 0.15 3.38 
Ghobarah and 
Said [15] 
T 1 Exterior 1.00 30.9 1.20 1.20 425 0.19 5.58 
T 2 Exterior 1.00 30.9 1.20 1.20 425 0.10 5.63 
Antonopoulos 
and 
Triantafillou 
[19] 
C1 Exterior 1.50 19.4 0.77 0.77 585 0.05 2.57 
C2 Exterior 1.50 23.7 0.77 0.77 585 0.05 2.95 
Standard D
Note: VTest = Shear strength from experiment; VPredicted = Shear strength predicted by proposed equation. 
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7.4. Discussion on Proposed and Previous Shear Strength Equations 
Several shear strength equations available in literature including present design guidelines 
are deficient in predicting shear strength of unconfined joints in one or another way. For 
example Vollum and Newman [21] model considered the effect of aspect ratio and ݂ᇱ௖but 
did not account for the important influencing parameters such as CAL and beam 
reinforcement ratio. Bakir and Boduroglu considered the effect of beam reinforcement 
ratio, aspect ratio and ݂ᇱ௖ but did not account for the CAL which is a key influencing 
parameter in determining joint shear strength also effect of beam reinforcement is included 
without establishing distinction between the mode of failure as in BJ failure mode beam 
reinforcement does not contributes toward the joint shear strength owing to its yielding at 
the interface. Sarsam and Phillips [23] considered the effect of aspect ratio of joint, column 
reinforcement ratio and axial load on column up to ALR of 0.42 but did not  include the 
effect of beam reinforcement ratio. Current design guidelines of ACI-ASCE Committee 
352 [25] at first assumes that tension steel yield secondly these guidelines does not take in 
to an account key parameters like aspect ratio, beam reinforcement ratio and column axial 
load in estimating shear strength of joint. The proposed shear strength equation considers 
all the effects like CAL, ݂ᇱ௖, joint aspect ratio and beam reinforcement ratio is validated 
with experimental database of unconfined joints giving average of ௉ܸ௥௘ௗ௜௖௧௘ௗ/்ܸ ௘௦௧  equals 
0.88 and standard deviation of 0.10. Thus it is concluded that proposed shear strength 
equation gives more representative and conservative estimates of joint shear strength. 
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CHAPTER 8  
CONCLUSIONS AND RECOMMENDATIONS 
8.1. Conclusions 
Based on investigation of important parameters effecting seismic performance of BCJ’s 
through review and results obtained and documented in this research work, following 
important conclusions are derived. 
8.1.1. Assessment of Seismic Deficiencies in Reinforced Concrete Buildings 
1. Strength of a structure, its ductility or deformability and energy dissipation capacity 
are prime building blocks of an advanced seismic design. 
2. Most of the buildings in the world designed before 1970’s are deficient both in 
strength and deformability capacity. 
3. Absence of adequate hoop reinforcement with in a joint, inadequate development 
length of beam longitudinal bars, deficient splice lengths of column longitudinal 
reinforcement and use of plain steel bars are most common deficiencies in the BCJs 
of deficient buildings. 
4. To understand the behavior of BCJs it is very imperative to consider the key 
parameters influencing the behavior of BCJs in order to advance studies not only 
in successful retrofitting schemes but to reinforce new design concepts. 
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5. Axial load on the column which is a key influencing parameter in predicting shear 
strength of BCJ is not considered explicitly so far and due to its complex effects on 
the shear strength of the joint this parameter is not well understood. 
6. In most of the researches variation of ALR is not more than approximately 0.15 and 
maximum axial load considered and well documented in form of shear strength 
equation is 0.42 f’c Ag. 
8.1.2. Effect of Axial Load on Performance of BCJs 
Different magnitude of CAL effects the performance of BCJs in the following ways: 
1. Increasing ALR from 0.00 to 0.60 enhances the shear strength of BCJ up to 42 %. 
2. Shear strength of joint in range of ALR 0.60 to 0.70 is found to be almost similar. 
3. Increase in ALR above 0.70 decreases the shear strength of joint rapidly until pure 
axial failure of the joint. 
4. Axial failure of unconfined joint without establishing any shear capacity occurs at 
ALR of 1.00 to 1.10 
5. Joint failure mode occurs up to ALR of 0.60 to 0.70 whereas above that joint fails 
in axial failure mode. 
6. High axial load increases the inclination of shear cracks. 
7. On average reduction in shear strength of BCJ due to reverse cyclic loading is 
around 14 % as compared to monotonic counterpart. 
8. High axial load delayed the initiation of first shear and beam-joint interface crack. 
However, number of cracks in beam increases with rise in CAL. 
9. Ductility of BCJ reduces with increase in CAL, this effect is more pronounced for 
ALR of 0.60 and above. 
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10. Several factors such as shear and flexural cracking, reinforcement slippage and loss 
of cover effects the stiffness degradation of joint. 
11. High axial load increases the initial stiffness of BCJ and rate of stiffness 
degradation is found to be more in such cases. 
12. Although initial stiffness increases with increase in axial load but post peak 
stiffness degradation trend is found to be similar up to ALR of 0.60. 
13. Above ALR of 0.60 rate of stiffness degradation increases drastically due to more 
deterioration caused by local crushing and bond damage especially after initiation 
shear failure. 
14. Energy dissipation capacity increases with increase in axial load up to 0.60 f’c Ag.  
15. Improvement in energy dissipation capacity because of high axial load is due to 
confinement provided by axial load against joint shear and improved bond-slip 
behavior of longitudinal reinforcement. However, the same is not true for very high 
axial load that is above 0.60 f’c Ag where joint experiences local crushing or 
complete axial failure in such cases high axial load damages the joint in crushing 
and thus causes severe detrimental effects on shear strength. 
8.1.3. Numerical Modelling of BCJs 
1. Concrete damage plasticity reasonably predicts strength, ductility and crack 
patterns in BCJs 
2. Model code of fib for concrete structures predicts the stress-strain curve 
relationship for concrete with reasonable accuracy. 
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3. Embedment technique to simulate bond behavior of reinforcement with concrete 
gives reasonable results without numerically costly iterations linked with surface 
formulations. 
8.1.4. Proposed Shear Strength Equation for BCJs 
1. The proposed shear strength equation considers all the effects like CAL, ݂ᇱ௖, joint 
aspect ratio and beam reinforcement ratio in predicting joint shear strength. 
2. The proposed shear strength equation gives more representative and conservative 
estimates of joint shear strength for unconfined joints as dictated by validation 
results of experimental database. 
8.2. Future Recommendations 
1. This research deals with exterior BCJs which can be extended for other types of 
joint like knee and interior and corner joints. 
2. Performance of BCJs with different magnitude of axial load on column can be 
evaluated for higher strength and various types of concrete like ultra-high 
performance concrete (UHPC). 
3. This research work can be extended to evaluate performance of different retrofitting 
techniques such as CFRP sheets, steel jacketing, GFRP, AFRP, ultra-high strength 
concrete (UHPC) and shape memory alloys (SMA). 
4. Different BCJs aspect ratios and beam-column eccentricities can be studied to 
advance the current research work. 
5. Effect of column and beam reinforcement percentages can be evaluated for strength 
and failure mode under different axial load ratios.
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